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CHAPTER 1

Introduction

The introduction section will outline the research background and motivation of this
thesis. Firstly, it combines industrial development to introduce the demand for pho-
tonic integrated circuits (PICs) in various applications, including optical communica-
tion, optical sensing, optical computing, and quantum photonics. Then, it describes
the potential of quantum dot (QD) lasers in the aforementioned applications. For
this, the thesis will also introduce the advantages of researching the fundamental char-
acteristics of QD lasers and the potential for optical isolator-free integrated optical
communication. Additionally, the unique dynamics and quantum noise characteristics
of QD lasers will be discussed. Finally, the overall arrangement of the manuscript will
be detailed at the end of this chapter.

1.1 Needs for photonic integrated circuits
In the era of big data and cloud computing, the demand for faster, higher-capacity
data transmission continues to soar. The ability of PICs to process and transmit data
at high speeds is critical to satisfy these growing bandwidth requirements. They are an
integral part of the optical communication field for high-speed networks and efficient
data center operations. With efforts to overcome energy conservation and sustainabil-
ity challenges, PICs offer a more energy-efficient alternative to electronic circuits, as
their lower energy consumption is critical to reducing the carbon footprint of data cen-
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ters and communication networks. In addition, PICs allow multiple optical functions
to be integrated into a single chip, reducing the size and complexity of optical systems.
This is particularly beneficial for areas such as optical sensors, LIDAR, and aerospace
technology [AC17; Kra+19]. Furthermore, the rapid development of quantum com-
puting and quantum communication technologies has made high-throughput, highly
integrated quantum photonics a hot research topic. Fig. 1.1 summarizes the evolu-
tion of the number of components integrated on a single waveguide for monolithic InP,
monolithic Si, and heterogeneous InP/Si or GaAs/Si platforms. The trends of these in-
tegration platforms are predicted for the coming years [Xia+21]. Microchip companies
have selected different integration platforms according to their business development.

Figure 1.1: The number of photonic components integrated on a single waveguide over time
for different photonic integration platforms. [Xia+21]

1.1.1 Optical communications

Optical communication networks, which have been evolving for many years, form the
backbone of a global telecom network that operates on three primary scales. The first
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Figure 1.2: Schematic diagram of a WDM optical communication systems. (a) WDM trans-
mitter utilizing several single-mode lasers of different wavelengths as the light source. (b)
WDM transmitter employing a frequency comb source. [HO21]

of these is the long-haul networks, designed to connect continents through extensive
transpacific and transatlantic submarine cables spanning thousands kilometers. The
second scale encompasses metropolitan networks, which link countries and cities over
distances of several hundred kilometers. These networks typically employ a ring topol-
ogy, allowing for efficient connections between regional networks, access networks, and
data center interconnects. Finally, the access networks connect individual endpoints
to the local exchanges, while the interlinks are usually a few kilometers. In addressing
high-capacity transmission, two types of setups have been considered as transmitters
as in Fig. 1.2. Individual sources of different wavelengths or a frequency comb contain-
ing multiple wavelengths are modulated and transmitted to the next level of receivers
[HO21]. To further satisfy the enormous transmission task, it is also necessary to
consider the monolithic integration of optical sources, modulators, wavelength-division
multiplexers (WDM), and so on. Alternatively, the development of direct modula-
tion on the optical sources can reduce the on-chip components and thus increase the
integration density [ABC20; Nis+18].
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In recent years, the Internet and personal terminals have been rapidly growing.
As shown in Fig. 1.3(a) total global mobile data traffic reaches 93 Ebit per month
by the end of 2022 and is expected to grow 3.5 times by 2028, especially with the
rapid growth of 5G traffic. Thus, PICs can expand data transmission channels and
increase transmission rates, providing a feasible foundation for future more high-speed
data transmission technologies. On the other hand, the rapid development of cloud
computing and artificial intelligence (AI) technologies has led to a significant increase
in power consumption due to the massive data transmission in data centers [DMH23].
As illustrated in Fig. 1.3(b), this is particularly true for advanced models like the
GPT-4 AI, which requires computational power up to 1025 floating-point operations
for training. Therefore, the study of PICs with high data throughput and low power
consumption (especially silicon-based PICs compatible with electronic integrated cir-
cuits (EIC)) can help solve the issue of high energy consumption and benefit other
disciplines and technologies [CGV22; Sha+21b].

Figure 1.3: (a) Global mobile network data traffic over time (Source: Ericsson). (b) The
power consumption of data centers for training AI systems (Source: Our world in data).
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1.1.2 Optical sensing

Optical sensors often require the combination of various optical components, such as
lasers, modulators, detectors, and waveguides. PICs enable the integration of these
components onto a single, compact chip, which brings convenience to LiDAR, wearable
technology, biomedical devices, and on-chip sensing systems. Additionally, integrating
photonic components on a chip can reduce signal loss and interference, leading to
more accurate and reliable measurements. The development of PICs is key to breaking
through the limits of optical sensing technology, offering advantages in miniaturization,
sensitivity, scalability, versatility, speed, energy efficiency, and reliability [Pas+12].
These advancements enable the creation of more sophisticated, compact, and cost-
effective optical sensors for a wide range of applications. As the most widely used
optical sensor LiDAR, its market has grown exponentially in recent years. Especially in
the era of intelligent development, the market for LiDAR in advanced driver assistance
systems (ADAS) has shown explosive growth, as shown in Fig. 1.4.

Figure 1.4: LiDAR market overview over time (Source: Yole Développement).
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PICs can integrate multiple optoelectronic functions into a single compact chip,
as illustrated in Fig. 1.5 with the silicon-based integrated LiDAR chip [Li+22]. This
miniaturization in terms of space and weight is particularly beneficial for applications
such as autonomous vehicles and drones. Additionally, the energy-saving characteristics
of PICs can reduce the power consumption of LiDAR systems, extending the battery
life of devices like drones and electric vehicles [Fal+20].

Figure 1.5: (a) Silicon integrated LiDAR chip. Contains TLD: tunable laser diode. SOA:
semiconductor optical amplifier. PS: phase shifter. (b) Configuration of the TOF LiDAR.
[Li+22]

1.1.3 Optical computing

When dealing with complex problems, optical computing utilizing PICs brings notable
advantages. First is the capability for high-speed data processing. Photons propagate
at the speed of light and can carry more information per unit of time. This allows
for data processing at extremely high speeds, much faster than traditional electronic
computing. Then there are the low-energy consumption characteristics. Optical com-
puting with PICs has lower optical losses. Moreover, it can process multiple data
streams in parallel using techniques like WDM, which is crucial for handling large-
scale computations and big-data analytics [Tak+18]. Hybrid optoelectronic systems
can be seamlessly integrated into optoelectronic systems and can make up for the lack
of all-optical computing at this stage. Optoelectronic digital-analog hybrid chips can
merge the precision and scalability of digital computing with the continuous signal-
processing capabilities of analog systems. The integrated neurophotonic processing
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Figure 1.6: Neuromorphic photonic processor architecture. [Sha+21b]

chip illustrated in Fig. 1.6 contains both analog and digital modules. The digital part
brings the convenience of being programmable and easily scalable [Sha+21b].

Figure 1.7: Schematic of all-optical reservoir computer. [Dej+14]

Additionally, all-analog optoelectronic computing systems excel in tasks that re-
quire the processing of continuous data streams, such as real-time signal processing,
where their speeds can surpass those of traditional digital computing. Optical systems
inherently offer high bandwidth and capacity, making them an ideal choice for handling
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large-scale continuous data streams in applications like high-speed imaging and com-
plex signal analysis. Techniques like optical reservoir computing can fully leverage the
analog nature of signals in applications such as optical neural networks and advanced
scientific simulations. Fig. 1.7 shows a setup for an optical reservoir computation
where the semiconductor saturable absorber mirror (SESAM) provides a fully passive
nonlinearity. photonic integration of these components will contribute to the efficiency
and miniaturization of optical computers [Dej+14; VBS17].

1.1.4 Quantum photonics

Integrated optical quantum technology has enabled on-chip generation, processing,
and detection of quantum states of light at scales and complexities ranging from few-
component circuits occupying centimeter-sized dimensions and operating on two pho-
tons to close to thousands of components occupying millimeter-sized dimensions and
integrally generating multi-photon states. Quantum light sources, nonlinear compo-
nents, and quantum state detection components can be integrated into optical quan-
tum chips for on-chip quantum key distribution (QKD), quantum computing, quantum
sensing, and other applications [Cha+23; Die+16; Els+20].

Figure 1.8: Integrated photonic devices based on InP-based and SiN-based quantum key
distribution. [Sib+17]
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In 2017, M. G. Thompson et al. reported a chip-based quantum state emitter based
on indium phosphide (InP) and a receiver chip based on silicon nitride (SiN), achieving
low-error-rate QKD operations with a GHz clock [Sib+17; Wan+20]. By integrating
an InP single-mode laser to generate single-photon states and transmitting them to a
separately integrated receiver for key distribution, they paved the way for the success-
ful integration of QKD into future telecommunications networks. Alternatively, the
multi-photon quantum state integrated on-chip can be used as a signal source for a
continuous variable QKD chip (CV-QKD) [Pau22]. These devices, combined with inte-
grated single-photon detectors, are instrumental in advancing the integration of QKD
technology into next-generation telecom networks. Alternatively, on-chip generation of
continuous or discrete variables combined with components such as homodyne detectors
can enable on-chip quantum computing [Gu+09; Kok+07]. Another quantum applica-
tion is in gravitational wave detection, e.g. in Laser Interferometer Gravitational-Wave
Observatory (LIGO) where squeezed vacuum states have been introduced to increase
the sensitivity of the detectors to detect gravitational waves [Sch+10; Zha+20]. On-
chip squeezed state generators can lead to more portable gravitational wave detectors.

1.2 QD lasers for monolithic integration
To realize the needs of the above applications, it is challenging but interesting work to
investigate the semiconductor light sources that can be integrated on PICs. Fig. 1.9
shows the impact of the quantization on the densities of states for bulk, quantum well
(QW), quantum wire, and QD. These structures have carrier confinement in zero, one,
two, and three dimensions, respectively. When the motion of the carriers in the crystal
is confined to a small area (the potential well attracts both electrons and holes), the
energy spectrum of the carriers is quantized [ANK19]. The three-dimensional quantum
confinement effect of QD allows lasers with lower threshold current (Ith) and higher
quantum efficiency, etc.

The 2023 Nobel Prize in chemistry recognized the discovery and synthesis of nanoscale
semiconductor crystals and called QD the seed of nanoscience. In addition, the rapid
development of self-assembled QD lasers using metal-organic chemical vapor deposition
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Figure 1.9: Impact of quantization on the density of states. [ANK19]

Figure 1.10: (a) Threshold current density of InAs/GaAs QD and QW lasers on silicon.
[Nor+18] (b) The power-current curves at different temperatures of QD lasers. [Sha+21a]
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(MOCVD), and molecular-beam epitaxy (MBE) epitaxy has been prepared by D. Bim-
berg’s and Zh. I. Alferov’s teams in 1994. The QDs are formed into three-dimensional
dense nanostructures based on the Stranski-Krastanov (S-K) growth mode [BGL99;
Gol+85; MS99]. In the manufacturing of PICs, a challenge that must be faced dur-
ing the epitaxial growth of nanocrystals on silicon is the introduction of high-density
crystal defects. These defects can limit the performance and lifespan of the devices.
However, the unique electronic confinement properties of QDs reduce sensitivity to de-
fect states like dislocation. The epitaxial growth of QD for making lasers, modulators,
and photodetectors on silicon demonstrates the potential for low-cost, scalable integra-
tion. For QW lasers bonding on silicon, there is a large threshold current density. In
1999, the first QD laser with four-layer InGaAs QDs grown on silicon had a threshold
current density of 3.85 kA/cm2 at 80 K [Lin+99]. In 2018, on the CMOS-compatible
on-axis (001) silicon substrate, the InAs/GaAs QD lasers can achieve threshold current
densities of 200 A/cm2 as shown in Fig. 1.10(a) [Nor+18]. For the epitaxial QD laser
on-axis (001) silicon substrate, the stable output power can be maintained up to 108
℃ as shown in Fig. 1.10(b) [Sha+21a].

1.3 Motivations
Through continuous research and optimized design of QD lasers, they not only exhibit
excellent performance in terms of threshold current, power efficiency, and temperature
stability but also demonstrate outstanding performance in noise suppression [AKB13;
Dua+20]. In optical communication systems using advanced modulation formats such
as quadrature amplitude modulation (QAM) and phase shift keying (PSK), there is
a sensitivity to intensity noise, especially in high-speed, long-distance communication
links. Intensity noise can directly lead to an increase in bit error rate (BER) and may
reduce the overall throughput of the system [KH04]. To minimize the effect of intensity
noise, laser sources with low-intensity noise are preferred in optical communication
systems. Integratable silicon-based QD lasers are shown to have relative intensity
noise (RIN) below -150 dB/Hz as shown in Fig. 1.11 [Lia+18].

Additionally, in a WDM system, the low and stable phase noise laser helps to
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Figure 1.11: RIN spectra at bias currents of 40, 60, and 80 mA of an integrated silicon-based
QD laser. [Lia+18]

improve the effectiveness of digital signal processing (DSP) algorithms in optical com-
munication. The narrow linewidth of the laser means low phase noise, which main-
tains signal integrity over long distances and is critical for advanced modulation for-
mats [Kaz86]. In optical sensing, the linewidth of the laser determines the resolution
and sensitivity of the sensor [MM18]. Narrower line widths allow for more accurate
measurements, which is especially important in applications such as interferometry,
spectroscopy, and LiDAR systems. Also, the narrower the linewidth the longer the co-
herence length of the laser, favoring applications such as coherent LiDAR that require
high coherence.

After designing monolithic QW lasers with structures like distributed feedback
(DFB) and distributed Bragg reflector (DBR), linewidths of several hundred kHz can
be achieved [Fau+12]. In recent years, monolithic QD lasers have reached linewidths
with several kHz [Al-+19]. Lasers integrated with micro-ring structures or self-injection
configurations on silicon or SiN can achieve ultra-sharp linewidths down to the Hz level
[Alk+23; Cho+22; Xia+21]. On-chip integrated narrow-linewidth light sources have
provided breakthroughs for various applications. The narrow linewidth mechanism of
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Figure 1.12: Progress in linewidth investigation of semiconductor lasers under three different
integration methods. [Xia+21]

single-mode QD lasers warrants further research and discussion. Moreover, on-chip in-
tegrated QD comb lasers, especially directly modulated QD comb lasers, can raise the
integration and enhance the optical transmission capacity [Kun+04]. In addition, the
multi-mode signals of comb lasers can provide parallel channels for optical computing
[Oka+23; Xu+20]. And QD multi-mode lasers make silicon-based integrated optical
computing chips possible.

In addition to studying the inherent properties of semiconductor lasers, the dy-
namics of semiconductor lasers can be investigated using techniques such as optical
feedback, optical injection, and optoelectronic feedback. The generated dynamics can
be applied in the fields of optical communication, optical computing, optical sensing,
etc [OO17]. The research on generating multiple dynamics for easily integrated QD
lasers can help to expand the range of applications of PICs.

The on-chip squeezed state generation is facilitated by the easy epitaxial integra-
tion, low threshold current, and strong temperature stability of QD lasers. The PICs
will also help in reducing coupling and transmission losses, ensuring the subsequent out-
put application of the squeezed state. Utilizing QD lasers with photonic integration,
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along with simple squeezed state generation methods such as low-noise pumps, optical
feedback, and optical injection, will aid in the role of integrated quantum photonic
chips in quantum communications and computing [Dut+15; GBY90].

1.4 Organization of this thesis
Based on the analysis of the current state of research and motivations, this dissertation
is organized as follows:

Chapter 2 introduces the basic features of QD lasers. First, the electronic struc-
tures and equivalent circuits associated with QD lasers are presented. Second, the noise
characteristics and linewidth enhancement factor (αH-factor) of semiconductor lasers
are introduced. Finally, αH-factor experiments of QD multi-mode lasers and trans-
mission experiments of silicon-based QD multi-mode lasers under optical feedback are
demonstrated.

Chapter 3 presents the controlled dynamic generation characteristics of silicon-
based QD lasers under optoelectronic feedback (OEF). The sensitivity of silicon-based
QD lasers to OEF is higher than that of QW lasers, which has been confirmed by
integral differential delay modeling and experimental time-domain signals. We believe
that the various dynamic properties observed in silicon-based QD lasers with OEF
loops can be effectively applied to areas such as integrated optical computing, logic,
and sensing.

Chapter 4 investigates and discusses the externally injected carrier noise affecting
the αH-factor is also studied and discussed. Under quiet pumping conditions, the
αH-factor near the threshold is much smaller. Numerical modeling and experiments
jointly verify this phenomenon. In addition, the simulation results show that using
quiet pumping near the threshold current is beneficial to reduce the frequency noise
and thus the optical linewidth. This gives us a better understanding of the noise
characteristics of QD lasers. It serves as a reference for designing low-noise lasers.

Chapter 5 demonstrates the excellent squeezing performance of QD lasers under
quiet pumping conditions. The squeezed states generated by QD lasers with injected
carriers based on sub-Poissonian distribution show perfect optical feedback tolerance.
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The noise-corrected maximum squeezing level of 5.7 dB essentially satisfies the needs
of various applications. In addition, the second-order correlation function is analyzed
for different feedback strengths, which perfectly match the theoretical values. This
study establishes a comprehensive fundamental framework for designing compact and
energy-efficient PICs integrating quantum squeezers.

Finally, Chapter 6 gives the general conclusions of this dissertation and perspectives
on experimental and simulation aspects based on the current stage of research.
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CHAPTER 2

Fundamentals of Quantum Dot Lasers

This chapter intends to review the basic features of QD lasers. First, the electronic
structure and the equivalent circuit are introduced. Secondly, the noise characteristics
and linewidth enhancement factor are presented. Finally, the effect of the optical
feedback tolerance of QD lasers on the direct-modulation experiments is presented.

2.1 Electronic structure

The development of laser technology is marked by a continuous drive to manipulate
light and matter on ever smaller scales, leading to significant advances in performance
and applications. QD lasers allow precise control of the size and shape of the quantum
dots, enabling customization of their optical properties [Gar+21]. Fig. 2.1 shows a
schematic diagram of the conduction band (CB) part of the electronic structure of a
QD laser. It can be found that the active medium is made of a three-dimensional
barrier layer or separate confinement heterostructure (SCH), a two-dimensional carrier
reservoir state (RS), and spatially three-dimensionally constrained dots. A band offset
∆Ec of the corresponding band in the active medium can be observed. And the critical
diameter Dmin of the QD laser is closely related to ∆Ec. The relationship between
them satisfies the following equation [BGL99].
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Dmin =
πh̄

√
(2m∗

e∆Ec)
(2.1)

where the critical value of the QD size Dmin can be derived according to the con-
dition of the existence of at least one electron or hole energy level or both of them.
h̄ is the reduced Plank constant and m∗

e is the effective electron mass. This is also
the criterion for discrete potential well determination. Based on the diameter of the
self-assembled QDs, it can be assumed that the electronic structure of the QD laser is
a three-dimensional potential well containing discretized energy levels.

Figure 2.1: Electronic schematic of a QD (conductive band).

Quasi-continuum carrier reservoirs contain localized energy states of dots, resulting
in small energy separations and therefore overlapping states at higher energies. At
lower energies, the discrete states in the conductive band (CB) are separated by tens
of meV. From the charge carriers generated in the SCH layer that begin to track the
flow of carriers in the QD laser, the carriers then pass through the SCH layer and
arrive at the RS. The thickness of the SCH determines the carrier transport time
in this section, generally on the order of a few picoseconds [Ura+01; Usk+98]. The
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carriers then enter the active medium where the dynamics are driven by three main
processes: carrier capture, carrier relaxation, and carrier escape. The capture process
is the process by which carriers are captured from the RS to the excited states (ES1

and ES2), and even directly from the RS to the ground state (GS). Moreover, carriers
will be relaxed from the high-energy ES to the GS. In addition, few carriers will escape
from GS to ES or even to RS, and the carriers in GS will undergo stimulated emission
in GS due to recombination between electrons and holes. Of course, carriers can also
undergo excited emission at ES, and there is a quenching mechanism for the emissions
at GS and ES [FMB05].

2.2 Equivalent circuit
The semiconductor laser, as a typical optoelectronic device, has static characteristics
that can be equated to a circuit consisting of a resistor, a capacitor, and an inductor
[Har+82]. Resistance models the damping generated by the spontaneous and stimu-
lated recombination. In addition, a nonradiation composite portion is also included.
The inductance represents the resonance phenomenon of the laser. The capacitance
contains the diffusion capacitance Cd of the active layer and the space charge capaci-
tance Csc.

In the case of a simple single-mode semiconductor laser, for example, the rate
equations for the carrier (N) and photon densities (S) can be closely related to the
parameters of the equivalent circuit. The single-mode semiconductor laser can be de-
composed into three equivalent circuits, parasitic circuit, electrical circuit, and optical
circuit, as shown in Fig. 2.2. Then based on the relationship of the current flowing
through each element, the system of equations for the electrical and optical circuits
can be obtained [Din+22].

I = Cd
dVj

dt
+ In + Ir + Ist (2.2)

Γpβsp Ir + Γp Ist = Cph
dVph

dt
+

Vph

Rph
(2.3)
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Figure 2.2: Equivalent circuit model diagram of a single mode semiconductor laser. It includes
three parts: parasitic circuit, electrical circuit, and optical circuit. [Din+22]

where I is the injection current and Vj is the junction voltage. In, Ir, and Ist are the
nonradiative recombination current, radiative recombination current, and stimulated
emission current. Γp is the optical confinement factor, βsp is the spontaneous emission
factor. Vph = SVaVT is the optical voltage related to the photon density S, the thermal
voltage VT and the active layer volume Va. Rph = VTτp/q and Cph = q/VT are the
equivalent resistance and capacitance of the optical circuit part, where the τp is photon
lifetime and q is the elementary charge. The rate equations for a semiconductor laser
can be obtained by bringing in the following expression.

Cd =
qVNe

2VT
exp

 Vj

2VT

 (2.4)

In = qVRn(N) (2.5)

Ir = qVRr(N) (2.6)
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Ist = qV
g0 (N − N0)

1 + εS
S (2.7)

N = Ne[eVj/2VT − 1] (2.8)

where the Ne is the equilibrium carrier density. N0 is the transparent carrier con-
centration. ε is the gain compression factor, g0 is the gain coefficient, τn is the carrier
lifetime, Rn(N) is the rate of nonradiative recombination while the Rr(N) is radia-
tive recombination rate. Thus, the rate equations of semiconductor lasers with simple
energy structures are as follows.

dN
dt

=
I

qVa
− Rn(N)− Rr(N)−

g0 (N − N0)

1 + εS
S (2.9)

dS
dt

= Γp
g0 (N − N0)

1 + εS
S + Γpβsp

N
τn

−
S
τp

(2.10)

For QD lasers with complex carrier energy level structures as in Fig. 2.1, it is
necessary to consider their RS and ES equivalent circuits. In addition, for complex
carrier dynamics, the rate equations for small-signal analysis are worth investigating.

2.3 Noise characteristics
In semiconductor lasers, the lasing process is affected by quantum fluctuations, which
alter the intensity and phase of the optical field. This leads to variations in both
frequency and intensity, known as frequency and intensity noise [CKS12].

2.3.1 Intensity noise

Based on the rate equations in the previous section, it is clear that a static parameter
such as output power, can be simulated by determining the injection current as well
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as other laser parameters. The relationship between output power P(t) and photon
density of a semiconductor laser is as follows [Din+22].

P(t) =
hνc

2nrL
ln (1/ (R1R2)) (1 − R1)(

1 −
√

R1R2
) (

1 +
√

R1/R2
)S(t) (2.11)

where the hν is the photon energy corresponding to the wavelength emitted by the
laser, c/nr is the speed of light in a medium with a refractive index of nr, L is the
cavity length of the laser. R1 and R2 are the reflectivities of the cavity facets on two
sides. For the ideal case, where there is no carrier and photon noise, the output power
over time is constant (P0), as shown in the left panel of Fig. 2.3. For real output power,
spontaneous emission and carrier noise will induce intrinsic power fluctuations with a
variance of δP(t)2 as shown in the right panel of Fig. 2.3 [CCM12].

Figure 2.3: Schematic diagram of the ideal and real output power of a semiconductor laser
with DC pump.

Relative Intensity Noise (RIN) quantifies the level of noise associated with intensity
fluctuations of a light source. The RIN of a laser is defined as follows.

RIN =

〈
δP(t)2〉

P2
0

(2.12)

A louder RIN reduces the signal-to-noise ratio (SNR), which reduces the BER of
an optical communication system [AY08]. Although the SNR can be remedied by
increasing the pump current, it increases energy consumption. Therefore, low RIN
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lasers have been the priority of research. QD lasers have proven to be a low RIN light
source, with InAs/GaAs QD devices having RIN levels as low as -150 to -160 dB/Hz
[Cap+07; Gri+21]. These noise studies are restricted to classical noise. In the quantum
realm, it has been shown that controlling the injected carrier noise can reduce the RIN
below than quantum limit [YMN86], which is part of Chapter 5 on squeezed states
that needs to be emphasized.

2.3.2 Frequency noise

In the model, by standard small-signal analysis of the rate equation with Langevin
noise, the phase variation δϕ(ω) in the frequency domain of the laser field can be
obtained, ω being the angular frequency. The relation between frequency noise (FN)
and the phase variance is expressed as [Dua+18b; Oht08],

FN(ω) =

∣∣∣∣ jω
2π

δϕ(ω)

∣∣∣∣2 (2.13)

Figure 2.4: Frequency noise spectrum showing the contribution of carrier noise and sponta-
neous emission noise. [CCM12]

Low-frequency flicker noise, spontaneous emission noise, and noise caused by the
flow and combination of carriers in each energy level collectively determine the FN
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in semiconductor lasers. The remaining noise sources control the intrinsic spectral
linewidth of the laser. Fig. 2.4 illustrates the different contributors to the FN and
their effect on the noise curve. When the frequency is much higher than the relaxation
oscillation frequency fRO, the spontaneous emission noise determines the Schawlow-
Townes linewidth ∆νST. The ∆νST has the following relationship with the parameters
of the semiconductor laser [CCM12].

∆νST =
Γpgm,thv2

gαmhν

4πP0
nsp (2.14)

where gm,th is the material gain at threshold. vg is the group velocity. αm is
the mirror loss of the laser cavity. nsp is the population inversion factor. However,
when the frequency is much lower than the fRO, the spontaneous emission and carrier
fluctuations together shape the laser linewidth and broaden the ST linewidth by a factor
of (1+ α2

H), denoted as ∆ν = ∆νST(1+ α2
H) with αH the linewidth enhancement factor.

2.3.3 Linewidth enhancement factor

In 1967, while investigating the noise theory of oscillators, M. Lax found that phase fluc-
tuations made them unstable and broadened the signal line width [Lax67]. In the same
year, H. Haug and H. Haken derived the oscillator equations with a fluctuation-driven
term from first principles to describe the complex field amplitude of semiconductor
lasers [HH67]. The noise of the linewidth and laser emission intensity above and be-
low the threshold was calculated. At this time, the linewidth enhancement factor had
not been conceptualized. In 1982, C. H. Henry introduced a model for the linewidth
of single-mode semiconductor lasers and the concept of linewidth enhancement factor
[Hen82]. Additionally, A. Yariv and colleagues developed a noise theory for semicon-
ductor lasers, treating carrier density as a dynamic variable. This theory integrates
the relationship between carrier density and refractive index [HVY83; Vah+83].

According to the Lamb semiclassical laser treatment [Lam64], the laser field E

is related to the macroscopic polarization Pr = ϵ0χE [CKS12]. ϵ0 is the vacuum
permittivity and χ is the complex optical susceptibility (χ = χr + iχi ). E is the
electric field amplitude. The material gain (G) and carrier-induced refractive index
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(δn) are related to the imaginary and real parts of the susceptibility respectively, and
their expressions are given below for a fixed carrier number N,

G = −ω

c
Im{χ} = − ω

ϵ0c
Im{Pr}

E
(2.15)

δn =
1
2

Re{χ} =
1

2ϵ0

Re{Pr}
E

(2.16)

The αH-factor of the coupling between gain and refractive index change, i.e., am-
plitude and phase, is expressed as follows [OB87; Yam+93],

αH =
∂χr/∂N
∂χi/∂N

= −2
ω

c
dδn/dN
dG/dN

= −4π

λ

dδn/dN
dG/dN

(2.17)

Figure 2.5: The schematic diagrams illustrate that the phase variations is affected by (a)
the direct effect of spontaneous emission only and (b) the combined effect of spontaneous
emission and phase-amplitude coupling. [Gri+21]

with λ the lasing wavelength, dδn/dN the differential refractive index, dG/dN

the differential gain. Fig. 2.5 illustrates how spontaneous emission and the carrier
noise influence the phase fluctuations of a laser, consequently affecting FN and optical
linewidth [Gri+21]. The gray arrows represent the phase fluctuations due to sponta-
neous emission, while the orange arrows indicate the region of phase fluctuations due to
carrier noise-induced αH-factor changes. The QD lasers have also been demonstrated
to have low FN and αH-factor [Alk+23; Wan+21a], as analyzed in Chapter 4.
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Figure 2.6: Spectral dependence of the αH-factor measured by ASE methods for the epitaxial
QD laser. The inset shows the αH-factor values for the QW laser. [Dua+19b]

In pursuit of massive data transmission capabilities and increased integration den-
sity for silicon-based photonic integrated circuits, QD lasers present superior integra-
tion compatibility with silicon chips compared to QW lasers. The αH-factor of QD
lasers is significantly smaller than that of their QW counterparts, thanks to the more
symmetric gain profile in the QD active medium. Fig. 2.6 depicts a QD laser exhibiting
a wavelength-dependent alpha less than 0.5, and even as low as 0.3 around the gain
peak. In contrast, the QW laser’s alpha factor can be up to an order of magnitude
greater than that of the QD laser [Dua+19b]. Such stark differences underscore the
superior characteristics of QD lasers.

A higher αH-factor typically increases the laser’s sensitivity to optical feedback.
This means that even minimal levels of optical feedback can lead to significant changes
in laser output, thereby reducing the threshold for feedback-induced effects such as
coherence collapse or mode hopping. Lasers with a larger αH-factor may exhibit a
broader range of dynamic behaviors under optical feedback, including periodic oscil-
lations and chaos at lower levels of feedback. As illustrated in Fig. 2.7, the spectral
and frequency variations of QD and QW lasers under optical feedback are compared.
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Figure 2.7: (a) Optical and (c) RF spectral mappings of the QD laser as a function of the
feedback strength; (b) Optical and (d) RF spectral mappings of the QW laser as a function
of the feedback strength. [Dua+19a]

The QW laser with a larger αH-factor experiences dynamic transitions at around 3%
optical feedback intensity, while the QD laser remains stable under any level of opti-
cal feedback [Dua+19a]. Therefore, the αH-factor directly influences the occurrence of
optical instabilities under optical feedback. This bifurcation point is defined as the crit-
ical feedback level (rcrit), which can be estimated by the following expression [CCM12;
Don+19; HP90],

rcrit ∝
1 + α2

H

α4
H

(2.18)
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2.4 Spectral dependent αH-factor for QD lasers
The αH-factor plays a pivotal role in the coherent phenomena exhibited by semicon-
ductor lasers. Notably, previous research has demonstrated that the dynamics of fre-
quency combs in QD lasers are significantly influenced by FWM via the αH-factor
[Dua+22]. Additionally, this parameter has been associated with the generation of
frequency-modulated combs [Don+21]. In light of these findings, acquiring accurate
measurements of the αH-factor’s dispersion throughout the entire optical spectrum is
essential for a more comprehensive understanding of how this parameter affects fre-
quency comb dynamics. Preliminary investigations on the αH-factor of quantum cas-
cade laser (QCL) have been conducted [Opa+21]. In this section, we will demonstrate
the spectral dispersion of the αH-factor investigated in an InAs/GaAs QD multi-mode
laser. For this purpose, the optical phase modulation technique was used to track the
αH-factor parameter of each longitudinal mode above the threshold. The results are
also compared to a reference QW laser.

2.4.1 Introduction of αH-factor extraction techniques

▶ Amplified spontaneous emission (ASE)

To more completely evaluate the influence of the αH-factor on laser performance,
it is essential to determine this parameter with high accuracy. The αH-factor can
be extracted by several methods. Some measurement techniques give access to the
material αH-factor whereas some others reflect the device αH-factor.

Below the lasing threshold, the ASE method is commonly used to extract the
spectral-dependent material αH-factor [HC83]. It relies on measuring the net modal
gain change (dG) and tracking the wavelength shift at different sub-threshold bias cur-
rents which reflects the differential refractive index (dn). The differential refractive
index is determined by monitoring the shift in frequency of the longitudinal mode res-
onance. Concurrently, the differential gain is ascertained by quantifying the net modal
gain (Gnet) reflected as the gain ripple within the ASE spectrum. This differential
gain corresponds to the variation in net modal gain, which can be extracted using the
following expression [Bog+00; Dua+18a]:
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Gnet =
1
L

ln
(

1√
R1R2

√
x − 1√
x + 1

)
(2.19)

where L is the cavity length, x is the peak-to-valley intensity ratio, and R1 and R2

are the front and rear facets, respectively. The differential refractive index within the
active layer is connected to the shift in wavelength λm through the relation dλm/λm =

Γpdn/n, where λm is the central modal wavelength and n is the refractive index. This
relationship suggests that the αH-factor can be reformulated in terms of a measurable
parameter, as demonstrated by the following formula,

αH = −4nπ

λ2
m

dλm/dI
dGnet/dI

(2.20)

Figure 2.8: The αH-factor as a function of wavelength for a p-doped QD laser at room
temperature. The black dashed line indicates the peak FP gain (1295 nm). The inset indicates
the net modal gain spectra for different sub-threshold bias current conditions. [Dua+18a]

As depicted in the inset of Fig. 2.8, the net modal gain which varies with different
currents is illustrated. By correlating the data on wavelength shifts with the pre-
viously mentioned equations, the dependency of αH-factor on the wavelength can be
ascertained, a relationship that is graphically represented in Fig. 2.8. It is important to
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note, however, that this approach is not applicable for extracting the αH-factor above
the threshold current and is susceptible to temperature-induced variations if thermal
conditions are not properly addressed.

▶ Optical injection-locking

Figure 2.9: The locked and unlocked states separated by the injected boundaries are used for
the αH-factor extraction. [LJC01]

The measurement of αH-factor above the threshold relies on other measurement
methods, such as the optical injection-locking. In this technique, a single-mode master
laser serves as the source for injecting light into the slave laser. The slave laser should
be a multi-mode operation to be easily locked. Once the mode of the slave laser
has been successfully injection-locked, it’s necessary to adjust both the input power
and the frequency detuning (∆ω) of the master laser. Following these adjustments,
the output power and the frequency detuning parameters of the slave laser should
be documented to confirm the regimes of injection-locked and unlocked. Fig. 2.9
illustrates the locking range of the slave laser as determined by optical injection. The
clear boundaries between linear injection-locked and unlocked are observable, and the
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boundaries for positive and negative detuning are asymmetric due to the non-zero
αH-factor.

The overall locking range of semiconductor lasers can be characterized by an ex-
pression for the asymmetric locking bandwidth [∆ fmin ∆ fmax] derived from the rate
equations as follows [Pet+88].

∆ fmin = − c
2nL

√
Si

S
(
1 + α2

H

)
< ∆ f <

c
2nL

√
Si

S
= ∆ fmax (2.21)

Figure 2.10: Generalized stability diagram of a semiconductor laser showing the positions
of the four main operating states of the injection-locked system (a) strong injection and (b)
weak injection. [HKL21]

The Si is the injected optical power from the master laser and S is the slave laser’s
optical power. c is the speed of light in a vacuum. In this way, the boundary of negative
detuning and the corresponding power is brought into the above equation to obtain
the αH-factor. It is worth noting that this technique is limited to multimode lasers
although it can extract αH-factor above the threshold. Moreover, it was not possible
to assess the effect of the superposition of the injected light and slave laser on the αH

factor.
There is another method based on optical injection-locked to extract the αH-factor

above the threshold current which can also be used for single-mode lasers. When a laser
is subjected to optical injection, can be observed by finely adjusting the detuning and
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Figure 2.11: The optical spectrum of the injection-locked system at different injection levels
near the Hopf bifurcation point when detuning is zero. (a) ηFH (b)ηRH. The bifurcation
point is defined as the injection level when the side mode suppression ratio crosses 30 dB.
[HKL21]

injection power, beyond simply describing it as locked or unlocked. Fig. 2.10 shows
the regions corresponding to various states exhibited by a semiconductor laser under
optical injection, such as stable locking, FWM, and periodic resonant states [HKL21].

From the ordinary differential equation (ODE) model of the optically-injected semi-
conductor laser, it has been shown that the αH-factor can be directly extracted from
the expression below [HKL21]:

∆ fc/ fr

ηFH/ηRH
=

1
2
√

2

√
(1 + 1/α2

H)(α
2
H − 1)3 (2.22)

where fr is the free-running relaxation frequency. ∆ fc is the measured critical
detuning, which is located between stable locking, period 1, and FWM, which is also
called the Hopf-saddle-node (HSN) point. When applied with zero detuning, ηFH and
ηRH correspond to the optical injection levels at forward and reverse Hopf bifurcation
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points respectively. When performing experiments, it is necessary to know the path
loss from the master laser to the slave laser to calculate an accurate ratio of ηFH/ηRH.

To obtain two Hopf points with zero-detuning, we placed a master laser at the
zero-detuning position and slowly increased the injection power, and then we observed
the spectral changes. Fig. 2.11 shows the spectral curves at different injection powers.
The injection level at which the side mode suppression ratio (SMSR) crosses 30 dB
is the bifurcation point. To obtain HSN points, it is necessary to slowly adjust the
detuning in addition to determining the boundaries using the 30 dB-SMSR to see if a
single boundary occurs only when the injection strength is increased. The αH-factor of
the optical injected main mode can be obtained by bringing the parameters of the three
Hopf bifurcation points into Eq. 2.22. This technique can be used to extract αH-factor
above the threshold current for both single-mode or multi-mode lasers. However, the
process of multi-mode extraction is cumbersome. Additionally, the effects of optical
injection cannot be ignored.

▶ High-speed modulation

Figure 2.12: Experimental setup for determining AM, FM response, and the αH-factor. The
insert illustrates the transfer function of the interferometer. [PG11]
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Using a tunable Mach–Zehnder (MZ) interferometer as an optical discriminator, the
αH-factor above the threshold current of laser diodes can be extracted, as shown in Fig.
2.12 for the experimental setup. It relies on high-frequency laser current modulation to
produce amplitude modulation (AM) and frequency modulation (FM). The αH-factor
can be calculated from the ratio of FM to AM as follows.

FM
AM

→ 2
β

m
= αH

√
1 +

(
fc

fm

)2

(2.23)

where the β is the modulation rate in frequency and m in power, fc is the corner
frequency and fm the modulation frequency. The αH-factor can be derived directly
from the ratio of FM to AM only if the modulation frequency is much higher than
the corner frequency of the laser. [PG11; SBK86]. This method has the advantage
of providing amplitude and phase information over a wide frequency range, allowing
for a more detailed understanding of linear chirp characteristics compared to other
traditional methods [PG11]. This method allows us to obtain the αH-factor for the
actual operation of the lasers.

Figure 2.13: Modulation frequency dependence of the FM/AM ratio (dashes) and the αH-
factor (thick solid line). The horizontal line indicates the lowest level for the regular αH-factor
of the laser. The inset shows the experimental curve of the FM-AM ratio of a QD laser.
[Wan+14]
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Additionally, C. Wang et al. proposed a semi-analytical model for studying phase-
amplitude coupling in QD semiconductor lasers. This model takes into account the
influence of carrier populations in the excited states and the two-dimensional carrier
reservoir on the refractive index changes. The αH-factor was calculated based on sim-
ulations using the FM/AM technique. From the linearized rate equation, the ratio of
FM-AM exponent is obtained as [Wan+14],

2
β

m
= 2

δωLS/ω

δSGS/SGS
(2.24)

where ω is the modulation angular frequency. δωLS satisfies this relationship
δωLS = jωδϕ, which is related to phase variations. SGS represents the number of
photons in the rate equations and is considered to be the cause of amplitude vari-
ations. Fig. 2.13 displays the results of the αH-factor’s variation with modulation
frequency based on simulations and experiments using the FM/AM technique.

Figure 2.14: (a) The normalized spectra, i.e., a longitudinal mode and modulation sidebands,
were obtained under four different optical delay conditions. (b) The αH-factor for the longi-
tudinal mode of the FP QW laser. The inset shows the emission spectrum. [Pro+11]

Alternatively, the αH-factor can be extracted using optical phase modulation (OPM).
it is a simplified FM/AM method to extract the αH-factor of a multi-mode laser si-
multaneously without the need for an optical filter. J. G. Provost et al. obtained
the spectrum of Fig. 2.14(a) by directly modulating the FP laser and adjusting the
quadrature delay corresponding to the modulation frequency. The αH-factor was then
calculated using the intensity of the side modes. The expression is as follows,
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αH =
Im(

√
Q−1Q+1)

Re(
√

Q−1Q+1)
(2.25)

with,

Q−1 = (I1
−1 − I3

−1) + j(I0
−1 − I2

−1) (2.26)

Q+1 = (−I1
+1 + I3

+1) + j(I0
+1 − I2

+1) (2.27)

where In
±1 means the side-modes intensity when the optical delay is n/(4 fm ) (n =

0, 1, 2, 3). The calculated alpha for all longitudinal modes is shown in Fig. 2.14(b).
In addition, there is a pulse measurement method based on the modulation setup

as shown in Fig. 2.15(a) for αH-factor extraction [SR23]. By recording the modulated
spectra, the phase ϕ and relative intensity I(t) changes can be calculated and then
fitted to obtain αH-factor. Fig. 2.15(b) shows the experimental data and fitted curves
of phase with log(I(t)). The fitted equation for the αH-factor is as follows,

dϕ

dI
=

αH

2I
=⇒ ϕ(t) = ϕ0 +

αH

2
ln

(
I(t)
I0

)
(2.28)

where ϕ0 is the first phase curve and I0 is the first intensity curve taken as references.

Figure 2.15: (a) Experimental setup. (b) The phase plotted as a function of log(I(t)) [SR23]

2.4.2 Static characteristics

In this experiment, we have investigated an InAs/GaAs QD FP laser (from the QD
Laser, Inc., Japan) whose active region consists of eight layers of InAs QDs, which are
directly grown on a GaAs substrate using a solid-source molecular beam epitaxy system
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Figure 2.16: Optical spectrum measured at twice threshold current, and the insert shows
power-current characteristics.

[Nis+17]. There is a 37.5 nm-thick GaAs barrier between each QD layer. The QDs are
densely packed at a rate of 5.9×1010 cm−2, ensuring a high optical gain. The laser’s
physical structure measures 750 µm in length and features a ridge waveguide that is 2
µm wide. The front and rear reflection facets are asymmetrically coated to reflect 30%

and 90% of light, respectively. The device primarily exhibits ground state emission at
a wavelength of 1310 nm, with the multi-mode lasing spectrum at a drive current of
25 mA showcased in Fig. 2.16. It is important to note that within the studied pump
current range, the excited state transitions remain undetected. The inset of the figure
presents the light-current characteristics, indicating a threshold current (Ith) of 12.5
mA. Throughout the experimental procedures, the QD laser is maintained at a steady
temperature of 20 ℃.

2.4.3 Experimental setup

Fig. 2.17 presents the experimental setup used for performing the extraction of the αH-
factor with the OPM. Details regarding the ASE method have already been described
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Figure 2.17: Schematic of the experimental setup of the OPM technique. PM: Phase Modu-
lator; ODL: Optical Delay Line; OSA: Optical Spectrum Analyzer; BT: Bias Tee; RFPS: RF
Power Splitter (RFPS). The black line is the circuit, the red line is the light path.

before. To start, the tunable RF signal (with modulation frequency fm) is divided into
two channels by an RF Power Splitter (RFPS) and used to simultaneously modulate
the QD laser and phase modulator (PM). The sinusoidal wave signal applied to the
QD laser is controlled by the RF variable attenuator to keep it within the small signal
modulation. In addition, the bias tee (BT) allows the QD laser to be pumped by direct
current. The laser beam is coupled with an antireflection (AR) coated lens-end fiber
and then passes through an optical delay line (ODL) before entering the PM to control
the delay between the optical and electrical signal at the input of the PM. Finally, the
modulated signal is sent to an optical spectrum analyzer (OSA). In this method, four
optical spectra corresponding to different delays (n/(4 fm), with n an integer) are used
to properly extract the αH-factor.
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2.4.4 Results for optical phase modulation

Fig. 2.18(a) illustrates the modulated spectrum at a modulation frequency of fm =

13 GHz with zero delay. The modulation impacts the entire spectrum, resulting in
side-modes emerging at each comb line. To delve deeper into the effect of delay on the
modulation spectrum. Fig. 2.18(b) presents an enlarged view of a single longitudinal
mode and its associated modulation sidebands for four distinct optical delays (pre-
sented in a normalized optical spectrum format). Variations in delay lead to changes
in the sideband intensities, which can be quantified using an OSA. Here, since the
relationship between the corner frequency and the modulation frequency is unknown,
the modulation frequency-dependent αm-factor can be determined as follows [Pro+11],

αm =
Im(

√
Q−1Q+1)

Re(
√

Q−1Q+1)
(2.29)

Figure 2.18: (a) Modulated optical spectrum at zero delays with fm =13 GHz, and (b) Close-
up on one longitudinal mode and the modulation sidebands obtained for four different optical
delays.

Finally, it is known that the modulation αm-factor is related to the corner frequency
fc and the modulation frequency fm. [PG11]

αm = αH

√
1 +

(
fc

fm

)2

(2.30)
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where the fc is defined as fc = (vgP/2π)× (δg/δP), with vg the group velocity, P the
output power, and δg/δP a nonzero parameter due to the nonlinear gain associated
to coulomb scattering and carrier heating. According to the above Equation, when
fm >> fc, the αH-factor can be accurately extracted.

Figure 2.19: (a) The αm-factor measured for each comb line for different modulation frequen-
cies and at ×2 threshold current, (b) ×4 threshold current, and (c) ×6 threshold current,
(d) the αH-factor for different pump currents extracted from the optical phase modulation
and ASE methods.

Fig. 2.19(a), (b), and (c) display the optical spectra and the retrieved αm for 18
comb lines under different modulation frequencies at ×2, ×4, and ×6 threshold current.
The extracted αm shows a linear upward trend as the lasing wavelength increases over
a large bandwidth range. On one hand, the αm increases with the pump current which
has already been reported elsewhere [Don+21]. On the other hand, under the same
pump current, the αm decreases with the modulation frequency increasing from 9 GHz
to 13 GHz. It is worth stressing that the influence of modulation frequency is amplified



2.4. Spectral dependent αH-factor for QD lasers 47

at high bias conditions where fc is increased. In addition, it has been shown that the
longitudinal modes located far away from the optical gain peak are less efficiently
modulated by the sidebands, which results in inaccuracy in extracting the αH-factor.
To overcome this issue, a flat-top behavior is required for the optical spectra. Owing
to the broad 10 dB bandwidth emitted from the device studied, we can retrieve the
αH-factors over 20 modes in this study. In this context, the OPM method is beneficial
for extending its functionality to characterize frequency comb sources that have flat-top
spectra.

Then, fixing the pump current and taking the αm values at the gain peak for
different modulation frequencies, Eq. 2.30 is used for curve-fitting the corner frequency
and subsequently to extract the exact αH. Given that the accuracy to extract the αH-
factor approaches its maximum when fc ≪ fm, one takes fm = 13 GHz at which
αm ≃ αH. Therefore, when the QD laser is running at twice the threshold current, the
αH-factor at the gain peak is about 1.6 whereas at four times and six times the threshold
current it is about 1.8 and 2.0, respectively as shown in Fig. 2.19(d). We also plot the
sub-threshold αH-factor measured with the ASE method (red). The αH-factor below
the threshold is significantly smaller than the αH-factor above the threshold, which is
attributed to the carrier changes caused by the population inversion [MHU06].

Figure 2.20: Spectral dependent αH factor of QW (red) and QD (blue) lasers measured at
twice the threshold.
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Previous comparisons between the αH-factors of QD and QW lasers were limited
to sub-threshold levels as shown in Fig. 2.6. However, when lasers operate above the
threshold current, the relationship between their characteristics at that moment and
the αH-factor requires further investigation. Therefore, it is necessary to utilize optical
phase modulation methods to extract and compare the αH-factors of a QD laser and a
QW laser operating above their threshold currents. Fig. 2.20 shows the αH-factors of
the QD FP and QW FP lasers at twice the threshold current extracted by the optical
phase modulation method, with the QD laser still exhibiting much lower αH-factors.
The significance of low αH-factor silicon-based QD lasers will be demonstrated in the
following transmission experiments.

2.5 Directly modulated QD laser with high optical
feedback resistance

When faced with the necessity of silicon-based integrated chips with high information
capacity. Back reflection at the chip level would pose a significant challenge, as it would
lead to severe instabilities in the laser source [Gri+20]. Given that developing an on-
chip optical isolator that has low loss and sufficient isolation remains a challenge, it is
important to develop feedback-insensitive sources [Mat+18]. The QD lasers are highly
resistant to optical reflection by virtue of their small αH-factor [Dua+19a]. To develop
a more compact optical transceiver by taking advantage of the QD laser, a further
investigation of the reflection sensitivity under direct modulation is necessary. Indeed,
although directly modulated lasers are more energy efficient and have higher linearity
in short-range microwave photonic links, the addition of a single-tone modulation can
make them more sensitive to external feedback [Uch12]. In this section, research on the
feedback sensitivity of direct modulated epitaxial QD lasers on silicon will be shown.

2.5.1 Experimental setup

The epitaxial QD laser was grown on a GaP/Si template. The active region contains
five periods of QD layers, each separated by a 37.5 nm GaAs spacer that includes 10
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Figure 2.21: (a) Schematic of epitaxial QD laser device structure. (b) Power-current charac-
teristics at 20 ℃. The inset is the spectrum of the QD laser at 60 mA.

Figure 2.22: Schematic of the experimental setup. The black lines show the electrical circuit
and the red lines show the light path.
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nm of p-type material and the density of QDs is about 5.9×1010 cm−2. The FP cavity
of the laser is 1.35 mm long, with 4 µ m wide ridge deeply etched (through the active
region), and two top contacts for electrical injection. The cavity facets are symmetric
with a power reflectivity of approximately 32%. The epitaxial structure of this QD
laser is shown in Fig. 2.21(a). Fig. 2.21(b) shows the light current characteristics
at 20◦C where the threshold current (Ith) is 30 mA. The inset displays the optical
spectrum measured at 60 mA (2×Ith) that corresponds to the operation condition.
The QD lasers on Si are known for their near-zero αH-factor. For the device studied,
the αH-factor is below unity in the operating condition [Hua+20]. A straightforward
consequence of the low αH-factor is a better immunity against optical feedback, thanks
to a weaker interaction between the intra-cavity and reflected light fields [Gri+20].

2.5.2 Transmission results

The research on direct modulation of silicon-based epitaxial quantum dot lasers will
greatly increase the integration density of optical transmission chips. In addition, con-
sidering that on-chip optical feedback increases the BER, etc., the study of epitaxial
QD lasers that are insensitive to optical feedback and can be directly modulated at
high speeds will save the space of optical isolators and further improve the integration
to meet the goal of high-speed and high-capacity optical transmission. To investigate
the modulation properties of the QD laser with or without optical feedback, the exper-
imental setup is shown in Fig. 2.22. The QD laser is directly modulated by the digital
generator with a pseudo-random binary sequence (PRBS) and a bit sequence length of
27 − 1 and the applied modulation format is on-off keying (OOK). The QD laser was
not optimized for high-speed modulation without specific RF packaging, so we did not
use a longer sequence length. At the same time, the clock signal is fed into the error
detector as a reference signal. Afterwards, the emission from the QD laser is coupled
into an anti-reflection (AR) coated lens-end fiber and it is divided into two paths, the
feedback path and the output path. On the feedback path, 90% coupled power is sent
to the back-reflector (BKR) that consists of a mirror and a variable optical attenuator
(VOA). The latter is used to change the feedback strength, which is defined as the ratio
of returned power to the free-space output power. In this configuration, the achievable
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feedback strength ranges from -61 dB to -9 dB. The other 10% of the coupled power is
isolated and then amplified by a semiconductor optical amplifier (SOA). The signal is
transmitted over a 2 km single-mode fiber coil. At the end, a variable optical attenua-
tor (VOA) is used to tune the received power of the error detector to analyze the BER
performance. A high-speed oscilloscope (OSC) is used to capture the eye diagram. The
PD converts the optical signal into an electrical signal before entering the BER tester
or OSC.

Figure 2.23: (a) BER plots at 2 Gbps for back-to-back (B2B) and after transmission (2 km)
with and without feedback for the QD laser at 20 ℃. The pump current is 2×Ith. The eye
diagrams (b) without feedback and (c) with feedback when back-to-back. The eye diagrams
(d) without feedback and (e) with feedback after 2 km transmission.

The high-speed response of the QD laser is carried out at twice the threshold current
and room temperature. The BERs of the QD laser at 2 Gbps with and without feedback
after back-to-back (B2B) and 2 km fiber transmission are plotted in Fig. 2.23(a). For
the calculation of the feedback strength, we use the feedback strength of BKR (the
maximum feedback strength of BKR is -2.2 dB) and include the setup loss (2.7 dB)
and the coupling loss (4.1 dB) then get the feedback strength (the maximum feedback
strength is -9 dB) [Che+21; Wan+21b]. When the feedback strength is -61 dB, which
is effectively similar to the free-running operation, the minimum BER of the device
studied approaches 10−10 in the B2B operation and after 2 km transmission. However,
a 0.7 dB power penalty is observed after 2 km transmission at the BER level of 10−9,
which is attributed to the chromatic dispersion in the fiber. The eye diagrams are
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Figure 2.24: (a) BER plots at 6 Gbps for back-to-back (B2B) and after transmission (2 km)
with and without feedback for the QD laser at 20 ℃. The pump current is 2×Ith. The eye
diagrams (b) without feedback and (c) with feedback when back-to-back. The eye diagrams
(d) without feedback and (e) with feedback after 2 km transmission.

thus measured in the condition of high received power. In both B2B and transmission
operations, the eye diagram is wide and clear contours as shown in Fig. 2.23(b) and
(d). By increasing the feedback strength to -9 dB, a minimum BER approaching
10−10 is still ensured in the B2B operation. Despite the 2 dB power penalty that is
induced by the optical feedback at the BER level of 10−8, the eye diagram remains
open as shown in Fig. 2.23(c). Nevertheless, the BER performance is degraded after 2
km transmission leading to a penalty floor with -9 dB optical feedback. We define the
minimum measured BER level as residual BER (RBER). In the transmission operation,
the RBER level is 10−8. As shown in Fig. 2.23(e), the eye diagram is still open, but
the contours are a little blurred. To investigate how the BER QD laser behaves under
the same optical feedback conditions but operates at a higher modulation rate, Fig.
2.24(a) depicts the BER plot with a modulation rate of 6 Gbps. Under a weak feedback
strength at -61 dB, the increase of modulation rate from 2 to 6 Gbps keeps an error-free
operation in both B2B and transmission configurations, and a BER level below 10−10

is always obtained. However, a 2 dB power penalty at the BER level of 10−8 results
from the increase in modulation rate. It is worth stressing that the degradation due
to optical feedback is amplified when the modulation rate is higher. By increasing
the feedback strength to -9 dB, the RBER level in the B2B operation is above 10−9,
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where the received power is -3 dBm. After 2 km transmission, the BER level is further
increased to 10−7. Despite the degradation of BER performance, the QD laser still
exhibits a reasonable transmission under optical feedback. With a 6 Gbps modulation
rate applied, the eye diagrams are open but narrowed and the contours remain clear
with or without feedback in B2B operation. It can be noticed that when BER is less
than 10−8, there are open and clear eyes. With -9 dB feedback, the BER increases and
is greater than 10−8 after 2 km transmission, so the eye becomes blurred. There is a
weak overshoot above each eye which may be caused by the high modulation voltage (2
V) used in the study [TTL21]. The IEEE 802.3ah standard indicates that the reflection
tolerance of optical interconnects should be higher than -26 dB [Com+07]. Hence, there
will not be such large feedback (-9 dB) in short-distance data transmission, so the
actual BER will perform better at 6 Gbps modulation rate and will be less than 10−8.
Furthermore, the silicon-based QD laser still meets the KP4 forward error correction
(KP4-FEC) certified BER of 2×10−4 at 6 Gbps rates and strong feedback [Ozo+19].

It was found that increasing the received power does not reduce the BER when
strong feedback is present. In the future, we may have to continue to optimize laser
performance by utilizing on-chip integrated light sources with customized design and
packaging. In the latter, the speed of the data transfer can be further improved by
considering an improved drive signal transmission.

2.6 Summary
In summary, this chapter presents the electronic structure of QD lasers, the equivalent
circuit of semiconductor lasers and their corresponding rate equations, noise character-
istics (including relative intensity noise, frequency noise, and αH-factor), experiments
on the αH-factor of QD multi-mode lasers, and transmission characterization of optical
feedback-insensitive QD lasers.

• I extracted the αH-factor below and above the threshold whereby the spectral de-
pendence of this parameter was performed for each longitudinal mode. The much
lower αH-factor of QD lasers compared to QW contributes to the development
of optical isolator-free PICs.
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• I have performed direct modulation experiments using silicon-based epitaxial QD
lasers with low αH-factor under different optical feedback conditions. At room
temperature, we can implement modulation rates of 6 Gbps for QD lasers and
withstand strong feedback. The optical feedback insensitivity property is benefi-
cial for optical communication silicon photonic chips. The experimental results
provide an encouraging argument for the high-density integration of silicon-based
epitaxial QD lasers for silicon photonics applications.
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CHAPTER 3

Optoelectronic Feedback with Quantum Dot Lasers

3.1 Introduction

In contrast to ideal linear devices that provide a direct proportional relationship be-
tween input and output, semiconductor lasers exhibit excellent nonlinear dynamics
[GKE97; Sim+95]. These nonlinear dynamics are primarily due to the interaction
between the light field and the carrier density within the gain medium. This carrier-
photon interaction is inherently nonlinear. It can also be derived from the differential
equations for the photons and carriers of the semiconductor lasers [OO17]. There is a
need to obtain the nonlinear dynamics of lasers to develop various applications where
having αH > 0. Emerging applications using silicon photonic devices are rapidly heat-
ing up, such as microwave generation [JL09], optical chaos cryptography [Gas+04],
optical sensing [Wan+17], and optical computing [Mou+23]. All these applications
are related to the nonlinear dynamic properties of semiconductor lasers. However, the
smaller αH-factor of QD lasers does not favor their ability to generate nonlinear dy-
namics under optical feedback. In this chapter, the dynamics generation of QD lasers
is the focus of the demonstration.
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3.1.1 External control methods

Then several methods that can generate nonlinear dynamics will be analyzed to obtain
the corresponding application possibilities.

▶ Optical injection

Figure 3.1: Schematic diagram of optical injection setup.

Fig. 3.1 illustrates the schematic diagram of the experimental setup for optical
injection. As mentioned in Chapter 3, the dynamics boundary or Hopf points of the
laser after optical injection are utilized to extract the αH-factor. Numerous researches
have shown that rich dynamics can be generated in QD lasers by optical injection
[Gou+07; Ott14]. K. Lüdge’s research indicates that under optical injection conditions,
the dynamic characteristics of QD lasers are also affected by the Coulomb scattering
process, and can be optimized through bandgap structure engineering [Pau+12]. They
conducted a numerical analysis of the nonlinear dynamics as a function of the com-
puted scattering lifetimes. The optical injection term was considered in the differential
equations for photons (nph) and phase (Φ), and K is the injection strength with the

expression K =

√
Tinjninj

n0
ph

where Tinj is the transmission coefficient and Tinjninj is the

injected photon density in the active region. In the rate equations, the transport pro-
cesses of electron occupation probabilities (ρe) and hole occupation probabilities (ρh)
were also taken into account as expressed below,
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ṅph = nph

[
2W̄ZQD

a (ρe + ρh − 1)− 2κ
]
+

βsp

A
2ZQD

a Rsp (ρe, ρh) (3.1)

+
2K
τin

√
nphn0

ph cos
(
Φ − 2π∆vinjt

)
Φ̇ =

αH

2

[
2W̄ZQD

a (ρe + ρh − 1)− 2κ
]
+

K
τin

√√√√n0
ph

nph
sin

(
Φ − 2π∆vinjt

)
(3.2)

where the W is the Einstein coefficient for spontaneous emission. ZQD
a is the number

of QD inside the active region. 2κ is the optical intensity loss. βsp is the spontaneous
emission factor. A is the in-plane area of QW on either side of QD. Rsp (ρe, ρh) denotes
the spontaneous emission of one QD. τin is the photon round trip time in the cavity.
n0

ph is the steady-state photon density without injection. vinj is the input detuning.

Figure 3.2: Two-parameter bifurcation diagrams showcasing (a) αH-factor = 0.9 and (b)
αH-factor = 3.2 are presented. The diagram is color-coded to denote the count of extremal
values, that is, the total number of maxima and minima in the photon density. [Pau+12]

Based on the aforementioned rate equations, varying the detuning and injection
strength yields dynamic bifurcation diagrams. Fig.3.2(a) and (b) present two bifurca-
tion diagrams under different αH-factor, 0.9 and 3.2. Areas in light yellow represent
average frequency locking characterized by a constant photon density, indicative of
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continuous-wave lasing. The cross-hatched area in shades of yellow and orange illus-
trates oscillatory photon density behavior (featuring one minimum and one maximum)
while maintaining a locked average frequency. The solid lines in blue, black, and white
signify the boundaries of Period-Doubling, Hopf, and Saddle-Node (SN) bifurcations,
respectively. Therefore, if one desires to obtain a broad window of dynamic characteris-
tics under optical injection conditions, a laser with a larger αH-factor will be beneficial.
Moreover, different dynamics can be precisely controlled through the injection strength
and detuning.

▶ External optical feedback

Figure 3.3: Schematic diagram of external optical feedback setup. BKR: back reflector.

Generating nonlinear dynamics using external optical feedback is more suitable for
on-chip integration than optical injection because the tunable wavelength master laser
is not required. The simplified schematic diagram of external optical feedback is shown
in Fig. 3.3. A model was used to perform a targeted investigation of the QD laser
dynamics under optical feedback. The delay terms for the number of photons and
phase are considered to represent the feedback changes in photon and phase, defining
the delay as τ [Glo+12]. For the simulation, τ = 16 was set equivalent to an external
cavity feedback distance of 2.4 cm. As shown in Fig. 3.4, the solution results at αH

= 0.9 appear less rich compared to those at αH = 3. At higher αH-factor, there is a
transition from stable to unstable periodic processes, and each process is characterized
by bifurcations and chaotic states. This also corroborates the conclusions drawn in
Chapter 3 regarding the influence of the αH-factor on optical feedback.
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Figure 3.4: Single-parameter bifurcation diagram of the photon number Nph concerning the
feedback strength, obtained from direct numerical integration [(a), (b)] and path continua-
tion using delay differential equations [(c), (d)]. The upper figures show the maximum and
minimum photon densities Nmin/max

ph , while the lower figures display only the maximum val-
ues Nmax

ph . The αH-factor is set to 0.9 for the left column and 3 for the right column. [Glo+12]

B. Dong et al. experimentally investigated the dynamics of a QD laser grown
on silicon under delayed optical feedback strengths and identified a range of dynamic
states of periodic oscillations [Don+21]. Fig.3.5 displays the dynamic changes of the
QD laser at different cavity lengths. Under a long-cavity (> 10 cm) feedback, the device
maintained a chaos-free state even when the feedback strength was around 70%. When
the external cavity length was reduced to the short-cavity scale (< 10 cm) typical in
photonic integrated circuits, the occurrence of periodic oscillations happened only at
extremely high levels of feedback strength, much higher than what is common within
photonic integrated chips. Thus, QD lasers on silicon with a smaller αH-factor have a
very strong tolerance to optical feedback leading to full immunity.
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Figure 3.5: Mapping of the dynamic states of the QD laser under different feedback strengths
and external cavity lengths at drive currents of (a) 125 mA and (b) 160 mA. [Don+21]

▶ Injection current modulation

Additionally, there is potential for dynamics generation in semiconductor lasers
through direct current modulation as shown in the schematic of the setup in Fig. 3.6.
M. Yamada et al. have investigated the mode dynamics associated with sinusoidal mod-
ulation of single-mode QW laser [AY12]. The dynamics were studied over a wide range
of modulation frequencies and depths based on a semiconductor laser rate equation
model. The results, as shown in Fig.3.7, indicate that depending on the modulation
conditions, there are six distinct waveforms of the modulation signal; three have con-
tinuous periodic waveforms with multi-mode oscillations (CPSRO: continuous periodic
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signal with relaxation oscillations; CPS: continuous periodic signal; CPPD: continuous
periodic signal with period doubling), while the others are characterized by periodic
pulsed waveforms with single mode oscillations (PPRO: periodic pulse with relaxation
oscillations; PP: periodic pulse; PPPD: periodic pulse with period doubling).

Figure 3.6: Schematic diagram of injection current modulation. BT: bias tee.

Figure 3.7: The graph of modulation index versus modulation frequency for the types of
modulated laser signals. [AY12]

▶ Optoelectronic feedback

Optoelectronic feedback (OEF) is an appealing method to activate nonlinear be-
haviors in laser diodes, as an OEF loop can be considered a closed-loop oscillator and
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Figure 3.8: Experimental setup for Ikeda-like OEF with modulator. [Che+19]

is known for exhibiting diverse interesting dynamics. In a structure of Ikeda-like OEF,
the loop is usually expressed by decomposing into four elements containing the linear
gain, the nonlinear function, the band-pass filter, and the loop delay. The nonlinear
function is the key to introducing nonlinear characteristics. The nonlinear compo-
nent like the Mach-Zehnder modulator (MZM) can be introduced to enrich the system
nonlinearity and obtain different dynamics, as shown in Fig. 3.8. Although these addi-
tional elements enhance the dynamical diversity, they also complicate the fabrication
process which is somewhat unwanted for silicon-based integration.

Figure 3.9: Schematic diagram of the experimental setup for delayed optoelectronic feedback
semiconductor laser system. [LL03]

On the other hand, it has been attempted to utilize the nonlinear processes of
optoelectronic conversion devices as the nonlinear function for OEF. Some studies
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Figure 3.10: (a) Mapping of dynamic states for the positive OEF and (b) negative OEF.
S: Stable state. RP: Regular pulsing. Q2: Bi-frequency quasiperiodic pulsing. Q3: Tri-
frequency quasiperiodic pulsing. FL: Frequency-locked pulsing. C: Chaotic pulsing. [LL03]

focused on semiconductor lasers that directly AC-coupled in OEF loops, where the laser
was connected to the bias tee (BT) allowing the pump current to enter from the DC-
arm and the feedback signal from the AC-arm [Isl+21; LL03]. F. Lin et al. carried out
both numerical and experimental research on the nonlinear dynamics of semiconductor
lasers with delayed negative optoelectronic feedback [LL03]. They employed a model
based on rate equations to compare the dynamic mapping and bifurcation diagrams of
systems with delayed negative OEF against those with delayed positive OEF, where
the OEF term was integrated into the carrier differential equation. As demonstrated in
Fig. 3.10, both systems adhered to a quasiperiodic route to chaos, exhibiting regular
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pulsing, quasiperiodic pulsing, and chaotic pulsing states.
M. Islam et al. reported the generation of optical square waves in semiconductor

lasers under negative OEF [Isl+21]. The optoelectronic oscillator is based on the
nonlinear effects present in a feedback loop that includes a QW laser diode and a
photo-diode, with the loop driven into saturation by an amplifier. The repetition rate
of the SW is a multiple of the reciprocal of the loop delay, and the duty cycle can be
modified by adjusting the injection current. To validate these outcomes, they added
a set of equations with band-pass filters to the rate equations. The model produced
results consistent with experimental observations and demonstrated the generation of
optical square waves. Considering the increased computational load due to multiple
electronic components in the loop and the potential for unclear square waveforms, the
model requires further optimization.

3.1.2 Applications

Figure 3.11: (a) Variation of the frequency of local minimum period 1 with detuning frequency
for different optical injection strengths. (b) Variation of microwave frequency and power with
optical injection strength. (c) Trend of the second harmonic distortion (SHD) and sideband
rejection ratio with detuning frequency. [Wan+16]

▶ Microwave generation

Microwave generation using semiconductor lasers is one of the most straightforward
applications of nonlinear dynamics. By inducing optical injection [JL09; Wan+16], ex-
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ternal optical feedback [LHD14], injected current modulation [VL82], or other interac-
tion of laser modes, semiconductor lasers can generate microwave and millimeter-wave
frequencies. This capability has vital applications in telecommunications where the
demand for high bandwidth and the proliferation of wireless services necessitate stable
and tunable microwave sources. The generation of these signals via laser diodes can
often be more precise and less noisy compared to traditional electronic oscillators. As
shown in Fig. 3.11, the QD laser under optical injection produces a period-one oscilla-
tion of the microwave frequency and that can be continuously controlled by adjusting
the frequency detuning.

Figure 3.12: (a) Superimposed electrical spectra of microwave signals generated at different
pressures. (b) Measured beat frequency as a function of applied pressure. [Wan+17]

▶ Optical sensing

Optical sensing is another important application area that benefits from the extreme
sensitivity of semiconductor lasers to external conditions. Utilizing the nonlinear dy-
namic properties of these lasers, the sensors can detect small changes in environmental
parameters, such as pressure [Wan+17]. The fiber Bragg grating was inserted into the
OEF loop pressure was applied, and the frequency generated by the loop shifted in
response to the pressure. This sensitive phase shift results in highly accurate pressure
detection as shown in Fig. 3.12. The resulting precision optical sensors can be used in
areas such as environmental monitoring and industrial process control.
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Figure 3.13: (a) Experimental setup showing transmitter and receiver units. (b) Synchroniza-
tion case. (c) Counter-synchronization case. (d) Filtered time series during message recovery
in the anti-synchronization case. [Spi+21]

▶ Optical chaos cryptography

The complex and unpredictable behavior characteristic of chaotic systems has been
used in private communication, where chaos can be used to encode messages in a highly
secure manner. Encrypted messages propagate as optical signals that are virtually
impossible to decode without the exact parameters used to generate the chaos, thus
providing a layer of security based on the complexity of unpredictable physics. Fig. 3.13
shows two unidirectionally coupled semiconductor quantum cascade lasers operating
in a chaotic state and the synchronization between them allowing the extraction of
information hidden in the chaotic emission [Spi+21]. The ability to encrypt messages
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with mid-infrared light was realized for the first time.

Figure 3.14: Experimental setup of reservoir computing using a semiconductor laser with
feedback modulation function. [KHU22]

▶ Optical computing

Optical computing is probably the most innovative application of nonlinear dynamics
of semiconductor lasers [McM23]. Representative of Optical computing is reservoir
computing which utilizes the high-dimensional dynamics of nonlinear systems for in-
formation processing. Once in these states, semiconductor lasers provide a rich store
of dynamics that can be used for parallel computation, useful in tasks such as pattern
recognition and signal processing. The utilization of optical injection, optical feedback,
and optoelectronic feedback to generate various nonlinear dynamics can all be applied
to reservoir computing [VBS17]. Fig. 3.14 illustrates an experimental setup for reser-
voir computing based on an optical feedback-modulated external cavity semiconductor
laser [KHU22]. In this scheme, the input signal was injected into the feedback loop
of the semiconductor laser by intensity or phase modulation of the optical feedback
signal. The reservoir was then used to perform a chaotic time series prediction task
and to compare the performance of the intensity and phase modulation schemes. The
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results show that a high-dimensional mapping from the input signal to the response
laser output trajectory can be achieved using phase modulation of the feedback signal.

Figure 3.15: (a) Experimental schematic of the coherent Ising machine based on OEF. (b)
Working principle. (1) In the sampling stage, (i) feedback signal generation, (ii) spin ampli-
tude measurement, (iii) spin states sign determination. (2) In the processing stage, digital
processing and matrix multiplication of spins. [BVV19]

Ising machines that simulate the behavior of magnetic spins use networks of coupled
semiconductor lasers to solve complex optimization problems. These systems can find
the lowest energy configuration of the spin network and thus efficiently find solutions
to traditional computer computationally intensive problems. [Bab+19; TY14]. At this
stage, this Ising machine utilizing an optoelectronic feedback loop also needs to utilize
the involvement of a modulator. F. Böhm, et al. proposed and tested the concept of
a programmable coherent Ising machine based on optoelectronic oscillators with self-
feedback [BVV19]. The artificial spins are generated in dynamical bifurcations induced
by the feedback and are encoded in the intensities of coherent states. This eliminates
the need for nonlinear optical processes or large external cavities, offering significant
advantages in terms of stability and cost. If the nonlinearity of the semiconductor
laser is utilized for direct OEF [Che+20], the coherent Ising machine can be further
simplified, facilitating the development of silicon-based integrated Ising machines.
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3.2 Optoelectronic feedback with epitaxial QD lasers
In Chapter 2, I demonstrated the strong optical feedback tolerance of the QD laser.
Therefore, if there is a need to manufacture a silicon-integrated dynamic generator,
alternative approaches should be explored. The method involving optical injection re-
quires the integration of a tunable-wavelength single-mode laser, which adds complexity
to the device fabrication process, and the introduction of intense injected light can also
result in irreversible damage. Hence, both optical injection and optical feedback with
QD lasers are not effective means for silicon-integrated dynamics generators. In this
section, the nonlinear dynamics of epitaxial QD lasers on silicon in an optoelectronic
feedback loop were investigated through experimental and numerical approaches. I
will show that OEF is a powerful technique for generating various nonlinear dynamics.

3.2.1 OEF experimental configuration

A silicon-based QD Fabry-Perot (FP) laser was used for the optical source in the OEF
loop. The epitaxial structure of the laser is consistent with the directly modulated
laser in the previous section. The InAs/GaAs FP laser is 1.35 mm long and has
a 3.5 µm wide ridge waveguide. The cavity facets have power reflectivity of 60%
and 99% on the front and rear facets, respectively. Fig. 3.16 displays the tabletop
experiment used for studying OEF in the silicon-based QD laser. The feedback loop
contains an optical isolator to eliminate back-reflections into the QD laser. While it
may not be strictly necessary, its presence guarantees that the dynamics I present
in this study strictly arise from optoelectronic feedback rather than optical feedback.
The QD laser’s output light traverses a loop containing both optical (semiconductor
optical amplifier (SOA)) and electrical components (photodetector (PD), amplifier,
radio-frequency (RF) attenuator, RF splitter, and BT). The SOA was used so that the
QD laser meets the conditions for strong OEF at the low pump while being compatible
with silicon-based integration. The electrical amplifier allows the investigation of strong
OEF conditions, while the RF attenuator prevents circuit overloading. All the gains
and losses in the OEF loop make up the total feedback strength. The pump current is
set at twice the threshold for all tests, channeled to the laser via the BT’s DC arm, with
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Figure 3.16: The tabletop experiment was used for studying optoelectronic feedback in the
silicon-based QD laser (the solid red lines represent the optical path and the solid black lines
represent the electrical path).

feedback conveyed through its AC arm. The post-attenuator, pre-BT electrical signal is
monitored using an oscilloscope. Given that the low-noise amplifier inverts the nature
within the PD when coupled with the electrical loop amplifier, a net negative feedback
signal is produced. With an anode-grounded laser architecture, the overall feedback
sign is positive due to the negative nature of both the injection-terminal voltage and
the feedback signal. Feedback strength is gauged by the OEF loop’s electrical amplifier
gain, with a total delay of 250 ns corresponding to a frequency of about 4 MHz.

The optical output power-current-voltage (PIV) characteristics are shown in Fig.
3.17(a) for temperatures of 20 ℃ and 30 ℃, respectively. The threshold current is
found to increase from 12 mA to 20 mA with temperature. Fig. 3.17(b) shows the
variation of the voltage across the laser electrodes with increasing OEF strength at
different temperatures and twice the threshold current. Since the maximum gain of
the electrical amplifier is 30 dB, it was attenuated with a maximum 10 dB attenuator
on top of that, so the labeled feedback strength was in the range of 20 to 30 dB. This
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Figure 3.17: (a) Optical power-voltage with bias current. (b) The measured voltage applied
on the QD laser concerning the OEF strength.

measurement demonstrates the existence of a critical point beyond which the voltage
drops down rapidly. At 20 ℃, this drop-off point appears at a feedback strength of 24
dB, while at 30 ℃, it appears at 26 dB. Furthermore, the voltage drop rate is faster
at lower temperatures. This effect might be due to the stronger electrical feedback
negative signal brought by the high laser’s output power at lower temperatures. This
drop-off point may be associated with the dynamics transition point of the QD laser.

3.2.2 Enhanced nonlinear dynamic under OEF

Fig. 3.18(a) and (b) show the electrical spectra of the QD laser under OEF at 20
℃ and 30 ℃, respectively. At 20 ℃, the QD laser begins to show a high-intensity
signal at a frequency of 0.5 GHz as the OEF strength increases from 21 dB to 23 dB.
When the feedback strength continues to increase, the low-frequency noise below 100
MHz gradually intensifies, as shown in Figures 2a and 2c. Typically, the carriers in
semiconductor lasers operating at higher temperatures are subject to thermal effects
that alter the carrier transport processes as well as the gain of the laser, which can lead
to more complex dynamic changes [Pat+99]. As shown in Fig. 3.18(b) and (d), the
initial oscillation at 0.5 GHz at 20 ℃ gets much more prominent and even expands on a
larger frequency range when the temperature is raised to 30 ℃. At the same time, the
QD laser exhibits a chaotic-like spectrum state with a wide bandwidth of about 5 GHz.
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Figure 3.18: Temperature impact on the dynamics of the QD laser with OEF. Electrical
spectra were measured under different OEF strengths at (a) 20 ℃ and (b) 30 ℃ respectively.
(c) and (d) are the corresponding mappings of the electrical spectra in the 1 GHz range at
20 ℃ and 30 ℃ respectively.

The low-frequency noise gets stronger at higher feedback strength. Contrasting with
conventional optical feedback systems, where QD lasers typically exhibit insensitivity,
this study reveals a distinct characteristic: In contrast to external optical feedback,
QD lasers can manifest a wealth of nonlinear dynamics under OEF. Subsequently, I
undertake a comprehensive time-domain analysis, by systematically varying feedback
strengths and operating temperatures to delve deeper into this intriguing behavior.

Fig. 3.19(a1)-(a5) depict the time-domain signals of the QD laser for different
OEF strengths at 20 ℃. As the feedback strength increases, the QD laser displays
different waveforms ranging from (a1) sine wave, (a2) quasi-square wave, (a3) square
wave, to (a4) a mixed state with fast and slow oscillations, where the fast period is
shown in (a5). Both the sine wave and the quasi-square wave exhibit a 2 ns period
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Figure 3.19: Nonlinear dynamics of the epitaxial QD laser with OEF. Experimental time
dependent output of the QD laser at (a1)-(a4) 20 ℃ and (b1)-(b4) 30 ℃ with different OEF
strengths. (a5) and (b5) are partial zoom-in views.
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which comes from a high cut-off frequency. Due to the low amplitude of the sine
wave, only a weak contribution of the 0.5 GHz peak contribution can be seen in the
electrical spectrum, while the quasi-square wave corresponds to stronger frequency
peaks and a chaotic-like uplift. The chaotic-like signal at this point may come from
the inconsistent falling edge of the square wave-like. The period of the square wave
is 250 ns, which perfectly corresponds to the OEF loop time. As for the mixed state,
it is found that the slow period of 20 µs corresponds to the wave packet occurrence
whereas the fast one of 250 ns is linked to the square wave dynamics within the wave
packet. As the temperature rises, a greater number of carriers are thermally excited
to higher energy states, leading to the possibility of additional alterations in the laser
dynamics. Therefore, by increasing the temperature to 30 ℃, I found that the sine
wave does not appear at lower feedback strengths, but remains steady instead while
the appearance of the quasi-square wave occurs much later. Under this temperature,
the mixed regime with fast and slow oscillations also appears after the square wave.
These regimes displayed in Fig. 3.19(b1)-(b5) are due to the increase of thermal effects
which slow down the involvement of carriers in the electrical non-linear changes.

The QD laser under study outputs a pronounced sensitivity to OEF characterized
by intense and sustained dynamic features. As previously mentioned, this rich behavior
is fundamentally different from the typical observations encountered with conventional
optical feedback where full insensitivity has been reported [Dua+19]. To ensure a
comprehensive analysis, I further investigate the key distinctions by comparing our
findings with those obtained from a 1310 nm QW FP laser. By employing an identical
setup at a temperature of 30 ℃, I captured the time series displayed in Fig. 3.20(a). It
can be found that the reference QW laser does not exhibit a square wave nor a mixed
state with fast and slow oscillations observed even at the highest feedback strength of
30 dB. By varying the OEF strength, different regimes are observed from steady-state
to sine wave down to quasi-triangular wave. To verify whether the reference QW laser
could produce more dynamics under high feedback strengths, an additional electronic
amplifier (RF Bay, LNA-1800, 1 kHz-1.8 GHz, 30 dB gain) was included in the loop.
Due to limitations in the availability of electronic attenuators with a broader range, our
adjustment options were restricted to a 10 dB attenuation following a 60 dB-RF signal
enhancement achieved through the use of two electrical amplifiers, as depicted in Fig.
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Figure 3.20: Nonlinear dynamics of the reference QW laser with OEF. (a) Experimental time
series of QW laser with the same OEF setup as QD laser at different feedback strengths. (b)
Time series of the QW laser after the inclusion of another electrical amplifier with feedback
strengths.

3.20(b). The QW laser exhibits a mixed waveform of fast and slow oscillations under
high feedback strengths. As the feedback strength increases, the slow period gradually
changes. The fast period, however, remains a square wave with a constant period.
This is consistent with the state of the QD laser under high feedback strength with
one electronic amplifier. As compared to the QD laser, the QW laser demonstrates
extreme OEF insensitivity while it is more sensitive to conventional optical feedback
than the QD laser. A comparison of the dynamic generation of the QD laser with that
of the QW laser under OEF is shown in Table 3.1.

Dynamics sine wave quasi-square wave square wave mixed states

QD ✓ ✓ ✓ ✓
QW ✓ % % ✓

Table 3.1: Comparision about the dynamics generation between QD and QW lasers
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3.2.3 Theoretical analysis and modeling

Figure 3.21: A block diagram depicting the time-domain representation of the Ikeda-like OEF
loop. The variable x(t) undergoes counterclockwise circulation and interacts with the four
key components within the loop.

Based on the theory of Ikeda-like ring-cavity and band-pass filter systems, the OEF
loop can be modeled with four elements namely by considering a band-pass filter since
all electrical components have bandwidth and can be regarded as a band-pass filter,
the gain of the loop and its corresponding delay, and the nonlinear transfer function as
illustrated in Fig. 3.21 [Ike79; Mbé+15]. Exploiting the significant spectral separation
between the low cutoff frequency, fL = 50 kHz, and the high cutoff frequency, fH = 0.5
GHz, we can model this band-pass filter as a cascade of two first-order linear filters,
comprising a high-pass and a low-pass filter. In addition, the loop delay time T =
250 ns determines the period of the time domain signal. The input voltage Vin(t) and
output voltage Vout(t) of a cascaded band-pass filter are linked by the equation:

Ĥ(Vout(t)) ≡
[

1 +
fL

fH

]
Vout(t) +

1
2π fH

dVout(t)
dt

(3.3)

+ 2π fL

∫ t

t0

Vout(s)ds = Vin(t)

The optical power P at the output of the optical fiber undergoes conversion into an
electrical signal through the PD, which follows a time-delayed relationship expressed
as S × P(t − T). Here, S represents the power-dependent responsivity of the PD, and
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T signifies the time delay resulting from fiber propagation. Importantly, the output
voltage of the PD corresponds to the voltage Vin(t) applied to the input of the band-
pass filter. Furthermore, the relationship between VRF(t) and the output voltage can
be described as VRF(t) = ηVout(t), where η serves as a conversion factor encompassing
all linear gains and losses (both electrical and optical) within the feedback loop. Con-
sequently, it can be demonstrated that the radio-frequency voltage VRF(t) adheres to
the following equation:

[
1 +

fL

fH

]
VRF(t) +

1
2π fH

dVRF(t)
dt

+ 2π fL

∫ t

t0

VRF(s)ds (3.4)

= η fNL [VRF(t − T)]

The nonlinearity transfer function of the feedback loop denoted as fNL [VRF(t − T)] =

S × P(t − T), which is directly dependent on the RF voltage. By taking into account
fL ≪ fH, we can reformulate this transfer function in a dimensionless form as follows:

x(t) + τ
dx(t)

dt
+

1
θ

∫ t

t0

x(s)ds = η fNL[x(t − T))] (3.5)

In this context, I define the system variable as x(t) = VRF(t)/VREF, where VREF =
1 V serves as a convenient reference voltage, ensuring that |x(t)| = |VRF|. The dimen-
sionless feedback loop linear gain η. Moreover, I introduce several time parameters: τ

= 1/2π fH, and θ = 1/2π fL, which correspond to the high-pass and low-pass cut-off
frequencies, respectively.

In OEF architectures, signal conversion often uses a sinusoidal transfer function
in a phase or intensity modulator. Alternatively, the seeding laser itself can serve as
an electrical-to-optical converter [Che+20]. Building on this, we propose a modeling
approach leveraging the ”elbow” nonlinearity in the power-intensity transfer function
of lasers. This nonlinearity results from laser threshold, carrier leakage, and gain
compression, creating piecewise characteristics. The PD can also exhibit nonlinearity
due to saturation. The overall transfer function encompasses a cascade of nonlin-
earities from both the laser and PD. To determine the nonlinearity transfer function
of QD lasers and QW lasers individually, I conduct experiments using a setup com-
prising different laser diodes and the same PD in the open-loop configuration. In



86 Chapter 3. Optoelectronic Feedback with Quantum Dot Lasers

Figure 3.22: The experimental and numerical nonlinearity transfer functions of QD (purple)
and QW (blue) lasers, respectively.

this setup, an input voltage V is applied to the laser diode, gradually increased, and
both this voltage and the corresponding output voltage VPD at the PD are recorded.
These recorded data points are then utilized to generate the plotted points shown
in Fig. 3.22. The PD remains in the linear region until the lasers reach the sat-
uration region (the response curve of the PD can be found on the official website:
https : //www.discoverysemi.com/ProductPages/DSC710720.php). Therefore, the
response curve of the PD in the nonlinearity transfer function can be taken as a linear
line. The characteristic inflection points of the nonlinearity transfer function are mainly
determined by the difference in the power-voltage curves of the lasers. Subsequently, I
interpolate these points using piecewise transfer functions for the QD laser ( fQD) and
for the QW laser ( fQW) which read as follows:

fQD(x) =



0, x ≤ −0.14

1.05x + 0.15, −0.14 < x ≤ 0.47

1.45x − 0.04, 0.47 < x ≤ 1.15

1.62, 1.15 < x ≤ 1.58

−1.12x + 3.39, x > 1.58

(3.6)
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fQW(x) =



0, x ≤ −0.11

2.44x + 0.27, −0.11 < x ≤ 1.31

−2.2x + 6.35, 1.31 < x ≤ 1.61

2.80, x > 1.61

(3.7)

The coefficients of the piecewise transfer functions are calculated through linear
interpolation based on the available experimental data points. The obtained results
demonstrate a remarkable level of agreement between the experimental observations
and the numerical modeling. The specific segmentation points used in the interpolation
process are determined by considering key factors such as the laser threshold, saturation
transitions, and saturation drop point. Furthermore, it is important to reiterate that
the variable x should not be confused with the input voltage (V) applied to the laser
diode as recorded in previous measurements. Rather, x refers to the radio-frequency
voltage VRF, which is derived from the difference between the input voltage and the
polarization voltage (Vbias) of the laser when operating at twice the threshold current
during OEF operation. In the case of the QD laser, the value of Vbias is 1.30 V, while
for the QW laser, it is 1.19 V. Moreover, the function f (x) corresponds to the detection
voltage (VPD) of the PD. Once all the simulation parameters are obtained, equation
(3) can be reformulated as an iDDE [Che+19; Che+20] such as:

ẏ = x (3.8)

τẋ = −x−1
θ

y + η fNL[xT] (3.9)

where y =
∫ t

t0
x(s)ds, xT ≡ x(t − T). fNL[xT] is represented in detail by Equ. 3.6 and

3.7.
I conduct an investigation and comparison of the dynamic behavior of QD and QW

lasers by varying the linear gain (η), which serves also as the feedback strength, in the
feedback loop. The bifurcation diagrams of the QD and QW lasers, obtained by ma-
nipulating the feedback strength, are shown in Fig. 3.23(a) and (b), respectively. The
bifurcation diagram of the QD laser reveals three distinct operational regimes: steady
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Figure 3.23: Simulated bifurcation diagrams of (a) QD and (b) QW lasers. (c) Experimental
dynamical regions were observed in QD and QW lasers, respectively.

Figure 3.24: Simulated time series of the (a)-(b) QD and (c)-(d) QW laser.
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state, single-period region, and multi-period region. Interestingly, the QD laser exhibits
a lower feedback strength requirement to enter the multi-period region, characterized
by a mixed waveform of fast and slow oscillations, as observed in the experimental
results. The simulated time series corresponding to the red arrows in Fig. 3.24(a) and
(b) depict the square wave and mixed waveform of fast and slow oscillations of the QD
laser. It is worth noting that the periods and waveforms of these simulated time series
align closely with the experimental curves displayed in Fig. 3.19. While the QW laser
is kept in a sinusoidal state at low feedback strength as shown in Fig. 3.24(c). Very
strong feedback (η = 3.1) is required to achieve fast and slow oscillations, as shown in
Fig. 3.24(d), which perfectly matches the experimental data at high feedback strength
in Fig. 3.20. Fig. 3.23(c) illustrates the experimentally obtained dynamic intervals for
the QD and QW lasers at a temperature of 30℃. In particular, the QD laser demon-
strates a wide range of dynamics with a single electrical amplifier. On the contrary,
the QW laser exhibits stable performance and necessitates higher feedback strength to
induce dynamic behavior, corroborating the trends observed in the simulated bifurca-
tion diagram. Additionally, for QD lasers, a fast sine wave and quasi-sine wave emerge
within a narrow window between the steady state and the square wave. This observa-
tion is primarily evident in experiments conducted at elevated temperatures, possibly
attributed to the power decrease at higher temperatures and the resulting reduction in
feedback strength variation, which facilitates the adjustment of the feedback strength
to this particular point.

Our results effectively showcase the relationship between the nonlinear transfer
function contributed by semiconductor lasers and time delay in the OEF loop, leading
to intricate dynamical patterns. The power-current-voltage features of lasers critically
influence the OEF loop’s nonlinear dynamics. Past research indicates that basic trans-
fer functions yield quasi-sinusoidal time traces [CWC16], while more complex functions
like Van der Pol’s can cause chaos [Che+17]. Similarly, QW lasers produce specific os-
cillations at high feedback strengths [Che+20]. Other OEF loops with different lasers
show limited dynamics [Isl+21]. It should be noted that the QD laser used above
without a direct-modulation design produces high frequency oscillations at 0.5 GHz. A
direct-modulation design of the QD laser would allow for higher period oscillations. In
addition, the present OEF loop has a long delay and can only obtain a square wave with
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a period of 250 ns. Future on-chip designs can significantly reduce the delay time and
obtain a square wave signal with a higher frequency as a clock signal. Furthermore, QD
lasers have a complex PIV characteristic with multiple segments and are more prone
to saturation than QW lasers. As QD lasers have a much higher gain compression
factor coefficient (∼ 10−16 cm3), about ten times that of QW lasers (∼ 10−17 cm3)
[Bim+97]. This increased compression is linked to the slower carrier relaxation rate in
QDs because of their unique zero-dimensional structure with the wetting layer energy
states [LS09; NGJ04]. This structure limits carrier accommodation and the saturation
photon number in the cavity. The QD lasers’ energy level structure results in more
complex power-current curves [Hua+18; RLL14]. If there is a ground state quenching
in the QD laser, it leads to a PIV curve with kinks and saturation zones. Future OEF
experiments might use QD lasers with this emission, adding to the complexity of the
nonlinearity transfer function.

3.3 Summary
In this chapter, I explored the nonlinear dynamics of QD lasers operating under external
controls namely with OEF. I discovered peculiar properties that are summarized below:

• To permit QD lasers to generate multiple dynamics as well, the response of a
silicon-based QD laser under OEF was explored both experimentally and nu-
merically for the first time. Increasing OEF strength prompts the QD laser to
traverse various dynamical regimes, including steady states, square waves, and
mixed waveforms of fast and slow oscillations. A broadened square wave regime
emerges as the temperature drops, beneficial for optical clock applications.

• Unlike conventional optical feedback, I discovered that the epitaxial QD lasers
display a much higher sensitivity to OEF than QW lasers, which is fully confirmed
via an integral-differential delay model and experimental time domain signals.
I believe that the various dynamical properties observed in the silicon-based
QD laser with an OEF loop can be applied to areas such as integrated optical
computing, logic, and sensing.
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CHAPTER 4

Effects of Injected Carrier Noise on Quantum Dot
Lasers

The amplitude-phase coupling of the αH-factor has been described in Chapter 2. This
phase-amplitude coupling induces variations in optical linewidth, multi-mode state,
and nonlinear dynamics of the laser [CCM12; Don+19; Hen82]. In this chapter, I am
focusing on the fact that the αH-factor of a QD laser is affected by externally injected
carriers and affects the frequency noise, linewidth, etc. of the QD laser. Research in
this Chapter will assist in the generation of squeezed states in Chapter 5.

4.1 What affects the linewidth enhancement factor?
The αH-factor as an amplitude and phase-dependent parameter is worthwhile to char-
acterize and analyze the noise properties of lasers. Then, the effects of both material
intrinsic parameters and external controllable parameters on αH-factor need to be con-
sidered.

4.1.1 Active medium

Studies have shown that the αH-factor in InAs/GaAs QD lasers is much lower than
that in QW lasers in Chapter 2. This reduction is attributed to the discrete energy
levels in QD gain materials and the decreased carrier interactions, which diminish the
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carrier-induced changes in the refractive index. These discrete energy levels are the
critical reason for the lower αH-factor in InAs/GaAs QD lasers [Dua+18a]. According
to the definition of αH-factor, it can be seen that the ratio of differential gain and
differential refractive index determines the magnitude of αH-factor. The material gain
G and changes in refractive index n as a function of carrier density N in QW (top) and
QD (bottom) lasers are contrasted in Fig. 4.1. For the QW medium, the refractive
index’s zero-crossing point strays from the peak of the gain curve at both low and high
carrier densities, leading to a nonzero αH-factor. Conversely, in a QD medium with
symmetrical gain profiles, the refractive index’s differential shift at the laser’s photon
energy is precisely zero for all carrier density levels. Consequently, an ideal QD laser
that exhibits symmetric gain characteristics would have an αH-factor of zero which is
also proofed in the simulation [Zha+19].

Figure 4.1: Schematic of the variation of gain G and refractive index n with carrier density
N for QD and QW lasers.
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4.1.2 Pump ratio

Typically, the αH-factor increases with the pump current of a laser. This is because the
carrier density within the active region of a semiconductor laser significantly influences
the αH-factor [MHU06]. Due to the Kramers-Kronig relations, which link the real
and imaginary parts of the refractive index, the refractive index in the active region
is a function of the carrier density [OB87]. As the carrier density increases, it leads
to changes in the refractive index, thereby causing variations in the αH-factor. In
QD lasers, the laser wavelength can be switched from GS to ES as the pump current
increases, which means that carriers accumulate in ES when the carriers in GS are
filled. The filling of ES inevitably increases the αH-factor of GS. Considering the gain
changes in GS and ES, the output power (P)-dependent αH-factor of QD can be written
as [Gri+08; Jin+23],

αH(P) = αg (1 + εPP) +
αe

1 − gth
gmax−gth

εPP
(4.1)

Figure 4.2: Calculated GS αH-factor with the bias current (black dots). Red stars are exper-
imental data. [Gri+08]
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where αg denotes the change in GS index due to the GS gain variation, and αe

denotes the change in ES index due to the ES gain variation. gmax, gth, and εP is the
maximum gain, the gain at the threshold, and the gain compression coefficient related
to the output power, respectively. Fig. 4.2 illustrates the measured alpha of the GS
and the result fitted with the Eq. 4.1. For QW lasers with homogeneous broadened
gain medium, it is only required the first term in Eq. 4.1 as its αH-factor above the
threshold current, and the linewidth enhancement factor at the threshold current (α0)
replaces αg.

4.1.3 Carrier fluctuations

Figure 4.3: Linewidth with an increase in the current noise σI at 50 mW output power.
[AR88]

Semiconductor lasers serve as crucial components in electro-optical conversion,
where the characteristics of injected carriers directly influence the transport of these
carriers within energy levels, their recombination processes, and the light emission
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properties. G. P. Agrawal et al. have conducted research into how fluctuations in
these injected carriers can affect the spectral linewidth of semiconductor lasers [AR88].
In the theoretical model, it was hypothesized that the time scale of the external carrier
fluctuations exceeds the inherent time scale of relaxation oscillations. Consequently,
the model employs a non-Markovian random force within the rate equations that gov-
ern carrier dynamics to account for these fluctuations. Additionally, it was revealed
that the effect of current fluctuations on the spectral linewidth of semiconductor lasers
does not depend on the output power. Then, αH-factor, which is closely related to
linewidth, may be affected by external carrier fluctuations. As shown in Fig. 4.3, in-
creasing carrier fluctuations at the same power directly broadens the optical linewidth.
In the absence of carrier fluctuations (σI = 0), it exhibits a Lorentzian line shape.

4.2 Carrier noise of electrical pump
Typically, a low noise current source (i.e. a quiet pump) is required to reduce the
impact of external electrical noise when investigating the noise properties of a semi-
conductor laser[Bar+10; Liu+19; Mal+21]. Therefore, if one can transfer a constant
carrier sequence into a quiet photon stream, then one would obtain sub-shot noise
light. When the semiconductor laser is pumped by a normal pump, the electrons
are bunched, whereas the electrons are anti-bunched under a quiet pump for which
the electrons stream does not show fluctuations in spacing, superior to the shot noise
[YMR92]. This latter property directly transforms the photon distribution with sub-
Poissonian statistics hence leading to the generation of non-classical states of light such
as squeezed fields [MYI87; ML18; MY20]. As a semiconductor laser is a combination
of a resistor-capacitor and an inductor[KSY12], it is important to better understand
how the effects of the external carrier noise impact the electro-optical properties. Let
us stress that prior works have deeply investigated the noise features from the laser
junction but not that from other circuit components like that from the current source
[VG97]. These external noise sources greatly affect the behavior of injected carriers,
which thus influences the laser-stimulated emission process.

In this section, the effect of external noise is investigated both numerically and
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experimentally using a QD DFB laser. That will exclude multi-mode interactions and
use exactly the rate equation for a single mode. The effects of carrier noise on the
αH-factor is usually analyzed by adding carrier, photon, and phase Langevin noise into
a semi-classical model based on rate equations [Dua+18b]. However, the carrier noise
originating from the external current source is rarely considered in the literature[Arn95;
Arn97], and even less for QD semiconductor lasers. Thereby, we implement the noise
source and quiet current source conditions directly into our rate equation model. The
αH-factor is subsequently extracted from the frequency noise calculated through the
diffusion coefficients. In addition to that, in our experiments, the effects of carrier
transport are taken into account by considering two different current sources with dis-
tinct resistances. Previous studies indicated that semiconductor lasers exhibit different
noise characteristics in such different bias conditions[MYI87; MY88], which can greatly
affect the physical properties of the QD laser such as the αH-factor.

4.2.1 Definition of quiet pump

Fig. 6.2 shows two current pumps for the QD laser: (a) normal pump and (b) quiet
pump. The effect of the pump on the laser is described with an equivalent circuit,
where Rd is the junction differential resistance of the laser, L is the parasitic induc-
tance, and C is the parasitic capacitance. The differential resistance emulates the
damping resulting from the spontaneous and stimulated recombination terms in the
rate equation. The inductance represents the resonance wavelength of the laser. The
capacitance contains the active layer diffusion capacitance and space charge capac-
itance of the laser [TP83a; TP83b]. The normal pump can be achieved practically
when the laser junction differential resistance Rd = (dI/dV)−1 is much larger than
the internal resistance Rs of the pump whereas the quiet pump is obtained in the op-
posite limit. It should be emphasized that the current noise in semiconductor lasers
is a combination of thermal diffusion noise and generation-recombination noise about
the minority carrier. [YMN86; YH92]. These noise events arise sequentially and cause
the departure of the minority carrier density from the equilibrium. Then, the external
circuit would restore the steady-state distribution of minority carriers and regulate
their injection into the active region via the relaxation process. For instance, when
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Figure 4.4: Schematic diagram of the theoretical model illustrating the relationship between
injected carriers and photons in a semiconductor laser driven by (a) a normal pump and (b)
a quiet pump.

one has the normal pump with an infinitesimal source resistance Rs, this relaxation
process would be completed with a negligible delay time τRsC = RsC. As a result, the
laser does not memorize the previous event and thus each event occurs independently
from the statistical point of view, which is exactly the physical origin for the full-shot
noise or photon Poissonian distribution as shown in Fig. 6.2(a). On the contrary,
if one has a quiet pump with a considerable source resistance Rs, the modulation of
minority carriers cannot be instantaneously eliminated by the external circuit because
of a large time delay τRsC. Therefore, the junction voltage is allowed to fluctuate
by the thermal diffusive transit and generation-recombination events as shown in Fig.
6.2(b). In this context, if the recombination events exceed the average value, the junc-
tion voltage decreases due to the excess thermal diffusive transit. However, since this
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junction-voltage decrease is not recovered in time, the thermal diffusive transit rate
temporarily decreases hence resulting in fewer recombination events. This sequence
works as a self-feedback stabilization mechanism for regulating the pumping process,
which potentially has a significant impact on the αH-factor and the noise spectrum.
The two pumps were experimentally measured to exhibit different noise characteristics
as shown in Fig. 6.3.

4.2.2 Carrier noise measurement

Figure 4.5: (a) The noise power and (b) the noise fluctuation of normal and quiet pumps.

To compare the current noise of different pumps, I drove the pump’s drive current
through a 10 Ω resistor. The current noise was measured by coupling the voltage
fluctuation on the resistor through a 10 nF capacitor to a low-noise amplifier with an
input impedance of 50 Ω. We chose this resistor and capacitor to closely match the
laser resistor’s value, aiming to capture the noise fluctuation of the current source near
the laser load. The amplified signal was then analyzed using an electrical spectrum
analyzer and an oscilloscope. We compared the noise characteristics of the normal and
quiet pumps. The noise points in Fig. 6.3(a) are extracted from the noise at 50 MHz
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of the electrical spectrum. The noise is stable at different currents of both pumps. So
we measured the noise fluctuation at 100 mA. Both the electrical spectrum and the
time-domain fluctuations demonstrate the reliability of our comparative experiments.

4.3 Numerical simulation and experimental analysis

4.3.1 Semi-classical rate equations

Figure 4.6: Schematic representation of the electronic structure and carrier dynamics in a
QD for normal pumping conditions and quiet pumping conditions. The two current sources
are distinguished by the fact that the currents are expected to be equal and the quiet pump
has a small current variance.

A quiet pump with a sub-Poissonian carrier distribution and a normal pump with a
Gaussian carrier distribution can be well described by using a stochastic model [MY20;
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ZG22b]. However, in this kind of representation, the inclusion of the phase term
influencing the αH-factor is rather complicated. Instead, the frequency noise and the
αH-factor of a QD laser can be better modeled with a rate equation approach [Wan+14;
Zho+20]. Here, we incorporate into these rate equations the various noise contributions
by taking into account the different current sources. As shown in Fig. 6.4, the QD
carrier dynamics are described by considering a three-energy level system. The model
assumes a single-mode emission which is exactly the configuration achieved with the
QD DFB laser under study. Besides, it holds under the assumption that the active
region consists of only one QD ensemble, where the nanostructures are interconnected
by a two-dimensional reservoir state (RS)[Wan+16]. The QD contains two bound
states: a two-fold degenerate ground state (GS) and a four-fold degenerate excited state
(ES). QDs are implicitly assumed to be always neutral, electrons and holes are treated
as electron-hole pairs, which means that the system is only composed of excitonic
energy states. Carriers are supposed to be injected directly from the contacts into
the RS levels. When different pumps set the same current, it can be assumed that
the current expected value is the same, but the variance is different. The different
variances represent different noise levels. The coupled rate equations on carrier, phase,
and photon dynamics read as follows:

dNRS

dt
=

η I
q
+

NES

τES
RS

−
NRS

τRS
ES

(1 − ρES)−
NRS

τ
spon
RS

+ FRS (4.2)

dNES

dt
= (

NRS

τRS
ES

+
NGS

τGS
ES

)(1 − ρES)−
NES

τES
GS

(1 − ρGS)−
NES

τES
RS

−
NES

τ
spon
ES

+ FES (4.3)

dNGS

dt
=

NES

τES
GS

(1 − ρGS)−
NGS

τGS
ES

(1 − ρES)− ΓpνggGSSGS −
NGS

τ
spon
GS

+ FGS (4.4)

dSGS

dt
= (ΓpνggGS −

1
τp
)SGS − βSP

NGS

τ
spon
GS

+ FS (4.5)

dϕ

dt
= ∆ωGS

N + ∆ωES
N + ∆ωRS

N + Fϕ (4.6)

where the carrier numbers in the GS, ES, and RS energy levels are denoted by NRS,
NES, and NGS respectively while SGS is the photon number in the GS and ϕ accounts for
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the phase of the electrical field. The carrier dynamics are shortly described as follows.
First, carriers are captured from the RS to the ES with a capture time τRS

ES then they
relax from the ES down to the GS level with a relaxation time τES

GS. Carriers can
also be thermally re-emitted from the ES to the RS with an escape time τES

RS . Similar
dynamic behavior is followed for the carrier population on the GS level concerning the
ES. In addition, carriers can also recombine spontaneously with spontaneous emission
times τ

spon
RS , τ

spon
ES , and τ

spon
GS at RS, ES, and GS levels, respectively. As shown in

Eq. 6.2, the pumping term η I/q incorporates the injection efficiency η and q the
elementary charge. Lastly, it should be pointed out that ρES, ρGS correspond to the
carrier occupation probabilities into the ES and GS while βsp is the fraction of the
spontaneous emission coupled in the lasing mode, Γp is the optical confinement factor,
vg is the group velocity and ∆ωRS,ES,GS

N accounts for the frequency shift of the carrier-
induced laser field relative to the frequency. FRS,ES,GS,S,ϕ are the Langevin noise terms.
The parameters of the three-energy level rate equation model are shown in Table 6.1.
The GS transition energy (0.95 eV) corresponds to the wavelength of the QD laser
used in the experiment. Other parameters are referred to in the literature on 1310 nm
wavelength QD DFB lasers [FM07; Kir+96].

The characteristics of the QD laser are investigated by small signal analysis. By
using the Langevin approach, we investigate the characteristics of the frequency noise,
where the different carrier noises imposed by different current sources will be reflected.
We introduce FRS(t), FES(t), FGS(t), FS(t), and Fϕ(t) as Langevin noise terms into the
carrier, photon, and phase rate equations. Moreover, the correlation strength of noise
sources is <Fi(t) Fj(t)> = 2Di−jδ(t− t

′
), where indexes i, j refer to NRS, NES, NGS, S,

and Φ where Di−j is the diffusion coefficient between two noise sources that are delta
correlated. Fig. 6.5 briefly explains the reservoir model to characterize the laser noise
performance. Here, the correlation strengths of the various Langevin noise sources can
be determined by observing the rates of inflow and outflow into and out of the different
reservoirs. Current-related noise enters the system through DR−R, hence the inclusion
of the current term in DR−R [CCM12]. Pumped carriers are injected into the laser
structure (η I/q). We considered carrier noise fluctuations on sub-nanosecond time
scales since carrier noise remains distinguishable at frequencies higher than GHz. At
this point the carrier noise time scale coincides with carrier lifetimes (ns) and photon
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Symbol Physical description Value

ERS RS transition energy 1.15 eV

EES ES transition energy 1.01 eV

EGS GS transition energy 0.95 eV

τRS
ES RS to ES capture time 1.3 ps

τES
GS ES to GS relaxation time 1.2 ps

τGS
ES GS to ES escape time 0.12 ns

τES
RS ES to RS escape time 5.35 ns

τ
spon
RS RS spontaneous emission time 0.5 ns

τ
spon
ES ES spontaneous emission time 0.5 ns

τ
spon
GS GS spontaneous emission time 1.2 ns

τp Photon lifetime 8.1 ps

βsp Spontaneous emission factor 1 ×10−4

aRS RS Differential gain 2.5 × 10−15 cm2

aES ES Differential gain 1.0 × 10−14 cm2

aGS GS Differential gain 5.0 × 10−15 cm2

ξ Gain compression factor 2.0 × 10−16 cm3

Γp Optical confinement factor 0.06

αGS GS contribution to αH-factor 1.50

NB Total dot number 4.3×106

VB Active region volume 3.75 × 10−11 cm3

VRS RS region volume 3.0 × 10−12 cm3

Table 4.1: Material and optical parameters of InAs/GaAs QD laser [FM07; Kir+96]
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lifetimes (ps) of almost one order of magnitude, so the diffusion coefficient between
the two noise sources is delta-correlated [AR88]. Then, some carriers participate in
the spontaneous emission, and others go to the ES energy level and participate in
the subsequent dynamical processes. After the process of spontaneous and stimulated
emission of ES, some of the carriers reach the GS energy level. Finally, let us stress
that the QD laser under study only emits on the GS transition therefore the stimulated
emission in ES is not considered.

Figure 4.7: Reservoir model used in the rate equation analysis of the QD laser. Each solid
line arrow in the flow chart represents the number of particles flowing per unit of time. The
dashed lines represent the relationship to the phase.

After the analysis of the particle flows into/out of the different reservoirs using
the method described in [CCM12; ZG22a], the diffusion coefficients can be derived as
follows. This would be the critical aspect of distinguishing the different carrier noises
from different sources.

DR−R =
η I
q
+

NES

τES
RS

+
NRS

τRS
ES

(1 − ρES) +
NRS

τ
spon
RS

(4.7)
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τES
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+
NES

τ
spon
ES

(4.8)
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NES

τES
GS

(1 − ρGS) +
NGS

τGS
ES

(1 − ρES) + ΓpνggGSSGS +
NGS

τ
spon
GS
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DS−S = (ΓpνggGS −
1
τp
)SGS + βSP

NGS

τ
spon
GS

(4.10)

Dϕ−ϕ = ∆ωGS
N + ∆ωES

N + ∆ωRS
N (4.11)

DR−E = −

NRS

τRS
ES

(1 − ρES) +
NES

τES
RS

 (4.12)

DE−G = −

NGS

τGS
ES

(1 − ρES) +
NES

τES
GS

(1 − ρGS)

 (4.13)

DG−S = −

βSP
NGS

τ
spon
GS

+ ΓpνggGSSGS

 (4.14)

DR−G = DR−S = DR−ϕ = DE−S = DE−ϕ = DG−ϕ = DS−ϕ = 0 (4.15)

Following Cramer’s rule [McC66] and the above diffusion coefficients, the frequency
noise (FN) of the QD laser can be derived as follows.

FN(ω) =
〈
|δωS(ω)|2

〉
=

〈∣∣∣∣jω ∆ϕ

∆

∣∣∣∣2
〉

(4.16)

where ω = 2π f , and f is the measured optical frequency. ∆ is the determinant
obtained from the system.

∆ = det



γ11 + jω −γ12 0 0 0

−γ21 γ22 + jω −γ23 0 0

0 −γ32 γ33 + jω −γ34 0

0 0 −γ43 γ44 + jω −γ45

0 0 −γ53 −γ54 γ55 + jω


(4.17)
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∆ϕ = det



γ11 + jω −γ12 0 0 FRS

−γ21 γ22 + jω −γ23 0 FES

0 −γ32 γ33 + jω −γ34 FGS

0 0 −γ43 γ44 + jω FS

0 0 −γ53 −γ54 Fϕ


(4.18)

The γmn (m and n = 1,2,3,4,5) are the results of linearizing the rate equations by
small-signal analysis [Dua+18b]. The above determinant operates as follows,

∆ϕ =
∣∣DRMR−ϕ − DEME−ϕ + DG MG−ϕ − DSMS−ϕ + DϕMϕ−ϕ

∣∣ (4.19)

The determinants of the matrices contained are as follows. Mi−j are the algebraic
cofactors of ∆ϕ.

MR−ϕ =

∣∣∣∣∣∣∣∣∣∣∣∣

−γ21 γ22 + jω −γ23 0

0 −γ32 γ33 + jω −γ34

0 0 −γ43 γ44 + jω

0 0 −γ53 −γ54

∣∣∣∣∣∣∣∣∣∣∣∣
(4.20)

ME−ϕ =

∣∣∣∣∣∣∣∣∣∣∣∣

γ11 + jω −γ12 0 0

0 −γ32 γ33 + jω −γ34

0 0 −γ43 γ44 + jω
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∣∣∣∣∣∣∣∣∣∣∣∣
(4.21)

MG−ϕ =

∣∣∣∣∣∣∣∣∣∣∣∣

γ11 + jω −γ12 0 0

−γ21 γ22 + jω −γ23 0

0 0 −γ43 γ44 + jω

0 0 −γ53 −γ54

∣∣∣∣∣∣∣∣∣∣∣∣
(4.22)
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MS−ϕ =
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Mϕ−ϕ =
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−γ21 γ22 + jω −γ23 0
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0 0 −γ43 γ44 + jω

∣∣∣∣∣∣∣∣∣∣∣∣
(4.24)

The detailed expression for FN can be obtained by substituting Mi−j into the
expressions for ∆ϕ and FN(ω) as follows.

FN(ω) =
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(4.25)

Since some correlation strengths are zero, the FN(ω) can be simplified as,
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FN(ω) =
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4.3.2 Comparison of numerical and experimental results

The diffusion coefficient DR−R serves as our key parameter for correlating frequency
noise and current source noise. When using a normal pump to drive the laser, we
consider that the current noise term η I/q affects the QD laser through the reservoir
state into the active medium. When the quiet pump is considered, we can remove the
η I/q from the DR−R and thus assume that the current is noise-free for the QD laser.
According to the above theory, the FN curves are obtained under different current
sources as shown in Fig. 6.6(a-d). As the current increases, the frequency noise issued
from the two current sources gradually approaches the low-frequency plateau. The FN
value at low frequency corresponds to the optical linewidth (∆νOL) of the QD laser,
while that at the high-frequency plateau gives the Schawlow-Townes linewidth (∆νST).
It can be seen that the FN’s response at high frequency does not depend on the current
sources. In other words, whatever normal pump or quiet pump, it does not affect the
spontaneous emission noise dominated by the characteristics of the gain medium. The
peak between the two plateaus arising above the threshold current corresponds to the
relaxation oscillation frequency ( fRO) of the QD laser. To this end, when the frequency
is lower than fRO, the FN is determined not only by the spontaneous emission but also
by the carrier fluctuations, and the optical linewidth can be expressed as ∆νOL =
∆νST(1+α2

H). Therefore, as the optical linewidth is driven by different carrier noises,
the linewidth enhancement factor is influenced. In addition, maps displayed in Fig.
6.6(e) and 6.6(f) show that when the laser operates with a quiet pump, the laser shows
a broader range of low FN. The inflection point at the resonance frequency near 1.8
times threshold is attributed to the spontaneous emission factor (βsp = 1× 10−4). Due
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to the limited spontaneous emission efficiency, the laser output power has a nonlinear
relationship with the above-threshold current. Overall, these simulations unlock how
the carrier noise originating from the current source impacts the FN of the QD laser
in particular near the threshold transition.

In the following, the αH-factor was extracted from the FN simulations and compared
to the experiments for different current source conditions. To do so, the αH-factor was
extracted around and above the threshold current using an optical phase modulation
method described in Chapter 2. The modulation of the QD DFB laser at high frequency
(13 ∼ 18 GHz) leads to distinct side modes in the optical spectrum and the side
modes at different optical delays are used to retrieve the αH-factor. The experiment
is performed at room temperature (20 ℃). Such an approach allows us to retrieve
the pump current dependence of the αH-factor with and without quiet conditions.
Experimental results are depicted in Fig. 6.7(a) and compared with simulations (solid
lines). Near the threshold current, it is shown that the αH-factor becomes much smaller
under quiet pumping conditions. For instance at threshold, with a normal pump, the
αH-factor is about 1.7 while it is reduced to 0.5 with quiet pumping. The louder the
carrier noise, the easier it is to be captured by defect states and to affect the efficiency of
the stimulated emission. Indeed, the optical phase modulation requires sufficient power
from the laser which is hardly the case when operating near the threshold. Despite
that, we demonstrate that the measured αH-factors are qualitatively in good agreement
with those from the simulations. Interestingly, previous work also showed a rise of the
αH-factor extracted in a QD laser from ASE and normal pump across the threshold,
but the exact reasons for this phenomenon remain unclear [Dua+18a]. Whereas, with
the quiet carriers driving, the αH-factor of the QD laser near threshold current only
appears as a step due to population inversion, which was also simulated in the reference
[MHU06]. The αH-factor doesn’t drop to zero at the sub-threshold but approximates
a minute value of approximately 0.02. Even when the effect of external carrier noise
was eliminated in quiet pumping simulations, the impacts of spontaneous emission and
other intrinsic noises on the sub-threshold αH-factor remain, leading to a diminished
αH-factor value that is not entirely zero. Furthermore, both our experimental and
simulation results show that no more differences are observed as the current increases.
The αH-factor becomes independent of the carrier noise.
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Figure 4.8: Simulated frequency noise spectra of the QD laser with normal pump (red line)
and quiet pump (blue line) at different bias currents (a-d). The FN mapping is mapped as a
function of normalized bias pump and frequency under (e) normal pump and (f) quiet pump.
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Figure 4.9: Experimental (dotted line) and simulated (solid line) (a) αH-factor and (b) optical
linewidth with bias current under different pumps.

As the optical linewidth is linked to the αH-factor, the measurement of the QD
DFB laser’s linewidth is also performed with a delayed self-heterodyne interferometer
at 20 ℃. Results are shown by the dots in Fig. 6.7(b) for both normal and quiet pump
conditions. To extract the linewidths, a Voigt fitting profile is used. Due to technical
limitations on the coupled output power, the optical linewidths could only be extracted
above twice the threshold current. As expected, we found that the linewidth evolves
with the injection current with a sharp decrease above the threshold from several MHz
down to a stable value of approximately 500 kHz which is typical for a QD laser [SL05].
At high pump current, there is no significant difference in the optical linewidth when
driven by different current sources, which is also consistent with the simulation results.
However, when the laser is driven slightly above the threshold, simulations reveal that
the use of a normal pump only contributes to increasing the linewidth. For instance,
at 1.5 times the threshold current, the optical linewidth is 1.8 MHz with the quiet
pump is against 3.2 MHz for the normal pumping conditions. The αH-factor obtained
under different noise conditions of the pump directly determines the tendency of the
linewidth. The linewidth will be expanded in a squared αH-factor manner. The overlap
of αH-factor at high currents also makes the linewidth independent of different noise
conditions pump. Therefore, the impacts of external carrier noise on frequency noise
dramatically extend to both the αH-factor and the optical linewidth.
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Figure 4.10: The experimental αH-factor of QW laser with normal and quiet pumps.

As a comparison, we also use different pumps to drive a reference QW DFB laser
and apply the optical injection-locked method for αH-factor extraction [Din+23]. The
QW laser also exhibits a gap near the threshold. the gap gradually disappears as the
current increases as shown in Fig. 6.8. This also demonstrates the universality of the
effect of external carrier noise on lasers, independent of the measurement method and
active layer material.

4.4 Summary
In this chapter, the effect of external carrier fluctuations on the frequency noise and
αH-factor of QD lasers is comprehensively investigated.

• First, the reasons causing different external carrier noises were theoretically an-
alyzed. The noise spectra of different current sources were measured to visualize
the differences in external carrier fluctuations.

• The effect of external carrier fluctuations on the αH-factor of a QD DFB laser was
investigated. With the quiet pump, the αH-factor is found to be much smaller
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around the threshold as compared to normal pump conditions. Numerical models
and experiments together verify this interesting phenomenon. On top of that,
simulations also highlight that the use of the quiet pump near the threshold
current is beneficial for reducing the frequency noise and subsequently the optical
linewidth, but has less impact at high currents. It must be emphasized that
the αH-factor of the QW laser under different pumps also demonstrates similar
behavior to those of the QD laser. Overall, I believe that these results are essential
for the development of ultra-low noise oscillators that can produce light below or
close to the level of shot noise.
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CHAPTER 5

Amplitude Squeezed States of Quantum Dot Lasers

In the swiftly advancing domain of optical science and technology, there is a growing
focus on the creation and use of ultra-low-noise light sources. These sources play
pivotal roles in both classical optical areas as well as in newer quantum optical fields
such as quantum communication, quantum computing, and quantum sensing [Kok+07;
Pir+18; Sca+09]. It has been shown that shot noise caused by background light is
a limiting factor in optical transmission systems. The shot noise leads to a power
loss of several dB and increases the transmission BER [Wan+11]. Remarkably, the
squeezed state, a quantum light source light below shot noise, can offer great potential
for quantum applications that break through classical optical limitations. Firstly, this
chapter will show the fundamental concepts of squeezed states, how they are generated,
etc. Then it will present the results of generating the amplitude squeezed state by
using a QD laser. I further experimentally present the optical feedback insensitive
amplitude squeezed state properties of the QD laser. The above findings contribute to
the development of silicon-based integrated quantum chips.

5.1 Introduction
The squeezed states of light have found wide applications in quantum information pro-
cessing and quantum metrology [Car+21; Gat+19; Sch+10]. The idea of squeezed
states follows from the Heisenberg uncertainty principle. The expression for the elec-
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Figure 5.1: Different states represented in the phasor diagram: (a) vacuum state, (b) coherent
state, (c) phase squeezed state, (d) amplitude squeezed state.

tric field operator at all phase angles ϕ is E(ϕ) = X̂ cos ϕ + Ŷ sin ϕ, where X̂ = (â +
â†)/

√
2 and Ŷ = (â - â†)/

√
2i are stated to be the quadrature operators. â and â† are

the annihilation and creation operators, respectively [BR19; HG88; Hil87]. Whereas
the squeezed states need to be introduced incrementally from the vacuum state which
is the quantum state with the lowest possible energy. In quantum field theory, even the
vacuum state exhibits fluctuations due to Heisenberg’s uncertainty principle as shown
in Fig. 5.1(a). In vacuum or near-vacuum conditions, where the number of photons is
very low, the fluctuations in the number of photons become more prominent, which is
essentially shot noise level (SNL) also known as standard quantum limit (SQL). At this
point, the fluctuations of the different quadrature components are equal in phase space,
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〈
(∆X̂)2〉 =

〈
(∆Ŷ)2〉. The coherent state can be obtained by applying the displace-

ment operator (ᾱ) to the vacuum state, and the fluctuations of its different orthogonal
components are the same in phase space as shown in Fig. 5.1(b). Fig. 5.1(c) shows the
phase squeezed state. The amplitude squeezed state is demonstrated by Fig. 5.1(d)
[BR19; Xu+19]. Amplitude squeezed states are usually more favorable for applications
such as quantum precision measurements and quantum information transmission be-
cause low amplitude noise leads to improved measurement accuracy and transmission
efficiency. The amplitude squeezed state is also known as the photon number squeezed
state, which is defined as having a photon number noise

〈
∆n̂2〉 below the SNL and the

relationship between the photon number and the phase noise is
〈
∆n̂2〉 〈∆ϕ̂2〉 = 1/4.

If the fluctuations of any of the quadrature components reduce to less than SNL, then
it is called a quadrature squeezed state.

5.1.1 Balanced homodyne detection

Figure 5.2: Schematic diagram of the balanced homodyne detection [Lvo15]

Balanced homodyne detection is particularly important for measuring and analyz-
ing the squeezed states and the most common way to detect the squeezed states [BC91;
Hei+22]. Fig. 5.2 shows the use of a piezo to precisely control the phase difference
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between the signal and the local oscillator (LO). The output of the beam splitter is
directed to two photodetectors and the difference between their outputs is measured.
This balancing behavior effectively eliminates common noises and isolates the subtle
quantum properties of the squeezed state, which is crucial for accurately measuring the
characteristics of squeezed states with noise levels below the SQL. Certainly, this setup
also permits observation of the SQL to help calibrating the strength of the squeezed
states.

5.1.2 Quantization of the squeezed states

Figure 5.3: Anti-squeezing, shot noise, and squeezing curves in the frequency domain.
[Ino+23]

Based on the balanced homodyne detection technique, it is possible to utilize differ-
ent approaches to characterize quantum light, in particular squeezed states. For am-
plitude squeezed states, squeezing typically manifests only within a certain frequency
range. Analysis of the intensity noise spectrum helps in understanding the squeezing
bandwidth and the squeezing level [YH86; YMR92]. During the experiment, an electri-
cal spectrum analyzer is used to record the signal after differential amplification within
a selected frequency range, and the phase of the LO is adjusted to find the point where
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the squeezed state is strongest. As shown in Fig. 5.3, the anti-squeezing and squeezing
curves are obtained at different phases and compared with the shot noise of coherent
light, allowing for the observation of the squeezed level and bandwidth of the squeezed
states [Ino+23].

For the coherent state, the photon statistic is Poissonian distributed in agreement
with the shot noise. For the amplitude squeezed state, the photon number noise de-
creases, and its photon number distribution exhibits a sub-Poissonian distribution nar-
rower than the Poissonian distribution. The phenomenon was observed in resonance
fluorescence in [SM83]. These three photon distributions ( anti-squeezing, SNL, squeez-
ing) are shown in Fig. 5.4. In the experiment, the differentially amplified photoelectric
statistics signals are recorded by a real-time oscilloscope which satisfies the band-
width requirement. To clarify, the experimentally obtained photoelectron distribution
histograms of coherent states need to satisfy the theoretical Poissonian distribution
calculated as P(n) = e−⟨n⟩⟨n⟩n/n!, where ⟨n⟩ is the average number of primary photo-
electrons, given by IpT/q. Ip is the photocurrent, T is the measurement time interval.

Figure 5.4: Anti-squeezing, shot noise, and squeezing time traces and their corresponding
photon statistics. [Ino+23]

Additionally, the Wigner function, as a fundamental tool in quantum optics and
quantum mechanics, provide a quasi-probability distribution in phase space for various
quantum states [Aga87; Yos+13]. It is particularly useful for visualizing and analyz-
ing the states of quantum systems, especially for the visualization of squeezed states.
Numerous measurements of the observed value of the electric field can yield the proba-
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Figure 5.5: Noisy traces (left), quadrature distribution (center), and reconstructed Wigner
function for the generated different quantum states (right). [BSM97]
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bility distribution Pθ(xθ) for its characteristic value xθ, where θ ∈ [0, π] is the relative
phase between the signal to be measured and the LO. The set of distributions Pθ(xθ)

could then be measured to reconstruct the quantum states, which takes advantage of
the fact that the distribution Pθ(xθ) is the margin Poissonian of the Wigner function
W(x, y) in rotating coordinates as shown in the following expression [BSM97; Leo97].

Pθ (xθ) =
∫ ∞

−∞
W (xθ cos θ − yθ sin θ, xθ sin θ + yθ cos θ)dyθ (5.1)

There yθ = −x sin θ + y cos θ. W(x, y) can then be obtained by back-projecting
from the set Pθ via the inverse Radon transform [KAJ04].

Fig. 5.5 illustrates the Wigner functions for different quantum states, from top
to bottom, the coherent state, the phase squeezed state, the phase-specific squeezed
state, the amplitude squeezed state, and the squeezed vacuum state. Therefore, the
probability density distribution wave packets at different phases can well demonstrate
the variation of the shape of the squeezed state with phase [BSM97].

Figure 5.6: Second-order correlation functions for ideal amplitude squeezed states with dif-
ferent squeezing parameters. [LDC14]
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Another measure of fluctuations in light field intensity is the second-order corre-
lation function g(2)(τ) which can be extracted by Hanbury Brown and Twiss (HBT)
experiment [Ale16; KDK89; LDC14; McK+03]. The τ represents the delay of the two
arms in the HBT setup. The zero-delayed second-order correlation function g(2)(0) can
exhibit the behavior between photons in the light beam, bunching, or antibunching.
The amplitude squeezed state of the emitted photon antibunching beam suppresses
the probability of detecting two photons simultaneously in the HBT setup. Optimized
amplitude squeezing produces the g(2)(0) value, i.e., g(2)(0) < 1 for single-mode am-
plitude squeezed state as shown in Fig. 5.6 [LDC14]. The g(2)(0) does not vary linearly
with the squeezing level and will be infinitely close to 1 at stronger squeezing.

5.1.3 Applications of amplitude squeezing

Figure 5.7: The CV-QKD experimental set-up. The two OPOs each produce a squeezed
state. The squeezed states interfere with the BS to form a two-mode squeezed state. The
amplitude or phase quadrature of one mode is measured by Alice’s homodyne detector. The
other mode is carefully phase-locked to a coherently modulated auxiliary mode. [Mad+12]
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The diverse applications of the squeezed state are the driving force of our research
in this field. In the domain of quantum information science, amplitude squeezed states
are essential for quantum communication. They are a key component in executing the
CV-QKD protocol. This protocol employs quantum mechanical principles to guarantee
secure communication channels. For instance, L. Madsen et al. proposed and experi-
mentally validated a CV-QKD protocol. The quantum key distribution protocol they
developed can tolerate more noise than the ideal continuous variable coherent state
protocol’s set benchmark [Mad+12]. The experimental setup is illustrated in Fig. 5.7.

Figure 5.8: Quantum light sources for Gaussian boson sampling. (a) Schematic diagram of
the experimental setup for generating two-mode squeezed states. (b) The Wigner function
of 25 squeezed states. [Zho+20]

In addition, there is a fervent interest in researching quantum computers to improve
the efficiency of specific algorithms. Recently, J. Pan et al. discussed the photonic
quantum computer ’Jiuzhang’ with enormous arithmetic power, which generates up
to 76 output photon clicks. The sampling rate exceeds current state-of-the-art analog
strategies and supercomputers by a factor of approximately 1014 [Zho+20]. Whereas in
this photonic quantum computer, the two-mode squeezed states were used as quantum
light sources, as shown in Fig. 5.8.

Meanwhile, in the field of quantum sensing, amplitude-squeezed states are used to
fabricate sensors with unprecedented precision. The application of polarized squeezed
light to the spin-noise spectroscopy of atomic clusters has been investigated as shown in
Fig. 5.9 [Luc+16]. And it was found that squeezing improves the statistical sensitivity,
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which reflects the quantum advantage.

In addition, gravitational wave detection requires ultra-high precision detection
techniques. The amplitude squeezed states allow for the detection of incredibly faint
signals from cosmic events, such as the collision of black holes or neutron stars. This
enhanced sensitivity is crucial for advancing our understanding of the universe and test-
ing the predictions of general relativity. The gravitational wave interferometer shown
in Fig. 5.10 is capable of very high sensitivity by combining a Michelson interferometer
with a squeezed state source [McC+21].

Figure 5.9: Squeezed light in spin noise spectroscopy (a) experimental setup and (b) corre-
sponding noise spectra. [Luc+16]
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Figure 5.10: The diagram of the interferometer layout shows the propagation of the source
laser (red solid line) and the squeezed light (burgundy dashed line). [McC+21]

5.1.4 Techniques for amplitude squeezed state generation

To obtain squeezed states, sophisticated experiments mostly using χ(2) or χ(3) opti-
cal nonlinearities [Fox+95; Jah+23] have been proposed. There are various platforms
wherein these nonlinearities can be evoked. On one hand, there’s the use of nonlin-
ear crystals which have historically been the workhorse for generating squeezed states
[Jun+22; Tas+21]. Fig. 5.11 demonstrates the utilization of a nonlinear periodically
poled potassium titanyl phosphate (PPKTP) type I crystal as the optical parametric
oscillator (OPO), resulting in an amplitude squeezed state [Jun+22]. The nonlinear
crystals, while well-established, might lack the desired miniaturization for some appli-
cations.
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Figure 5.11: Experimental setup for measuring frequency-dependent squeezed states and for
reconstructing squeezed states’ Wigner functions. [Jun+22]

Figure 5.12: Generation of two-mode squeezed quantum microcombs on a chip. [Yan+21]
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With the advent of integrated photonics, on-chip nonlinearities that utilize struc-
tures such as micro rings to generate phenomena such as the Kerr effect have begun
to receive attention. [Gui+23; McK+22; Yan+21; Zha+20]. The signal of four-wave
mixing from micro ring could bring a wide comb squeezed states as shown in Fig. 5.12.
In these cases, a squeezed light source with an over 10 dB-high squeezed level (SL) can
be obtained. However, the complexity and high cost of the process remain a bottleneck
for integrated applications.

Figure 5.13: Photon distributions of nano light emitter diode under (a) normal pump (b)
quiet pump. [MY20]

Another essential method for producing squeezed states involves using external sub-
Poissonian distributed carriers from a quiet pump. The noise properties of the pump
can significantly influence the SL. At the early stage, Y. Yamamoto et al. have demon-
strated that using a quiet pump to drive QW lasers can produce single-mode amplitude
squeezed states and a substantial amount of theoretical research has been conducted
on this [MYI87; YMN86; YMR92]. Some investigations have shown that the injection
of sub-Poissonian distributed carriers can be transformed into sub-Poissonian photon
emission, thus achieving squeezed states as shown in Fig. 5.13. Taking advantage of
the optoelectric conversion process that is related to the laser structure and the quan-
tum confinement effect of the active region, several investigations have shown that the
injection of sub-Poissonian distributed carriers can be transformed into sub-Poissonian
photon emission, thus achieving amplitude squeezed states of light [Den+21; MY20;
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RMY91].
Y. Yamamoto et al. also demonstrated theoretically and experimentally that opti-

cal injection-locked techniques can improve the amplitude squeezing intensity of quiet
pump-based semiconductor lasers [Ino+93]. Additionally, the weak dispersive optical
feedback based on a quiet pump can further enhance the SL [JCG99; Kit+94; YMR92].
This is because the changes in amplitude and phase interactions introduced by the op-
tical feedback process alter the emission characteristics of the laser[KYS95; Pet95]. In
this backdrop, the QD laser emerges as a competent candidate as an on-chip squeezed
state generator thanks to their superior characteristics like high quantum efficiency,
easy integration, and reflection insensitivity [Gri+21; Lia+21].

5.2 Amplitude squeezed states experiments
The results in Chapter 3 prove that quiet pumps can improve noise characteristics,
which was demonstrated both experimentally and theoretically [Din+23]. Here, it will
be shown how to use a quiet pump to drive a QD laser to generate the amplitude
squeezed states. Based on the microscopic theory of junction current noise in the
active layer of a semiconductor laser, it is known that the pump fluctuations of a
semiconductor laser are thermal noise that could be lower than the SNL. That is
exactly the reason why electrically pumped semiconductor lasers have the potential for
amplitude squeezing [YMN86].

5.2.1 Experimental setup

A diagram of the experimental setup is illustrated in Fig. 5.14. A 1.31 µm single-mode
QD DFB laser was utilized, which features a highly reflective (HR) coating (95%) on
the rear facet and an anti-reflection (AR) coating (3%) on the front facet. To maintain
a stable temperature of 20 ℃, I used a thermoelectric temperature controller (ILX
Lightwave LDT-5748). The QD laser’s threshold current was measured to be 9 mA.
The stable single-longitudinal-mode operation was realized over a wide pump current
range. I employed a self-homodyne detection for the squeezing measurement. Com-
pared to balanced homodyne detection, the LO input is missing because the photon
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number squeezed states we studied have amplitude noise below SNL over a large phase
range. The QD DFB laser was coupled into the fiber with 30% coupling efficiency
and precisely driven by a quiet pump (ILX Lightwave LDX-3620). A 30 dB optical
isolator was imperative because even a minimal amount of back-reflected light leads to
excessive intensity noise. After the isolator, the laser output was then coalesced at a
tunable BS, ensuring optimal optical balance, and were incident upon a balanced pho-
todetector (BPD, Discovery Semiconductors DSC-R405ER) with 30 dB common-mode
rejection ratio (CMRR). The differential photocurrent fluctuations were amplified us-
ing a custom-built low-noise electronic amplifier and subsequently analyzed via an ESA
(Rohde & Schwarz, 43 GHz) to extract the radio frequency noise spectrum. This bal-
anced detection methodology markedly mitigates intensity noise, offering a significant
improvement over single photodiode detection systems.

Figure 5.14: Experimental setup for amplitude squeezed state generation with quiet pump.
The inset shows the time series fluctuations of the quiet pump and the voltage is the signal
read from oscilloscope.
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5.2.2 Squeezing characteristics

First of all, it is crucial to accurately calibrate the SNL or SQL. For this purpose, we
use a normal pump (Keithley 2401, current source mode) to drive the QD DFB laser. If
the RF signal of SNL remains constant, the SNL can be determined accordingly. When
performing amplitude squeezed state measurements, the QD DFB laser is driven by
a quiet pump. The latter is set to operate at 40 mA (4.4×Ith) at 20 ℃ in order to
check the squeezing properties could be used for future room-temperature and high
bias current conditions. The resolution bandwidth (RBW) of the spectrum analyzer
was set to 200 kHz and the video bandwidth (VBW) was set to 500 Hz when the RF
noise spectrum was recorded. All traces were corrected for thermal background noise
subtraction.

Figure 5.15: The measured RF noise power spectral density at 40 mA.

Fig. 5.15 presents the measured RF noise spectra of the QD laser, offering a com-
parative analysis between amplitude squeezing (illustrated by the green curve) and the
calibrated SQL, represented by the red dashed curve. In the frequency range of 3 GHz
to 12 GHz, the RF noise power spectra demonstrate a notable reduction beneath the
SQL, with the maximum noise reduction reaching 0.9 dB at 8 GHz. Consequently,
our focus shifts to photon statistics to further substantiate the amplitude squeezing
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Figure 5.16: Histogram calculated from the raw data acquired by the oscilloscope.

phenomenon.
Fig. 5.16 provides the measured photon statistics, elucidating the differences in

photon number distributions ascertained from experimental data (captured by the
oscilloscope with 20 GHz bandwidth). Each time trace is averaged over 5 frames and
the sampling rate is 20 Gbps. In these analyses, the histograms representing SQL
consistently align with a Poissonian distribution. Notably, under conditions of reduced
pump noise, the observed distribution narrows, manifesting sub-Poissonian traits. In
the figure, the horizontal coordinate is the difference between the photon number n

and the mean photon number ⟨n⟩ and is scaled by the variance n of the photon number
∆n.

5.3 Reflection-insensitive amplitude squeezed states
of QD laser

For the future development of integrated optical quantum chips, the study of reflection-
insensitive amplitude squeezing generators based on QD lasers can help to improve the
integration density. Here, I verified the stability of the quantum noise of the QD
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laser by applying optical feedback. In addition, by investigating the zero-delay second-
order correlation function, I proved the robust feedback insensitivity of the amplitude
squeezed states of the QD laser.

5.3.1 Experimental setup

Figure 5.17: Experimental setup for amplitude squeezed state generation employing optical
feedback. DA: differential amplifier.

Fig. 5.17 displays the tabletop experiment used for extracting the squeezing char-
acteristics in the presence of external optical feedback. It involves a quiet pump for
amplitude squeezed state generation and the balanced homodyne detection part. First,
it is critical to calibrate the SNL accurately, as previously described. The 50/50 beam-
splitter (BS) and back reflector (BKR) in front of the optical isolator are removed
when the SNL calibration is performed. When performing amplitude squeezed state
measurements, the QD DFB laser was driven by a quiet pump 40 mA (4.4×Ith). The
laser beam was then split into two paths by a 50/50 BS. The first path led to the BKR
which consists of a mirror and a variable attenuator (from -2.3 dB to -55 dB). The
total feedback strength is defined as the attenuation of the BKR combined with the
coupling loss of the laser and the loss of the feedback optical path. The second path
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was assigned the task of detecting the squeezed signal, which was measured in the same
way as in the previous section.

5.3.2 Comparison between QD and QW lasers

Figure 5.18: Measured classical noise at different feedback strengths for (a) QD laser and (c)
QW laser. Squeezing level at different feedback strengths for (b) QD laser and (d) QW laser.

A QW DFB laser with a threshold current of 8.5 mA and a lasing wavelength of
1.31 µm close to that of the QD DFB laser is used for reference experiments. Before
investigating the quantum noise, I first analyze the response of the classical noise
to external optical feedback for both the QD and QW DFB lasers as shown in Fig.
5.18(a) and (c). For the QW laser, there is a critical feedback level of -21 dB above
which instabilities such as periodic oscillations and chaotic states appear. In contrast,
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the QD laser remains stable regardless of the range of feedback strengths. To further
investigate the superiority of QD lasers in terms of quantum noise, I also compare the
amplitude squeezing performance of the QW laser with that of the QD laser regarding
the noise level and squeezing bandwidth. As shown in Fig. 5.18(b) and (d), negative
values indicate the occurrence of squeezing regimes whereas positive ones signify anti-
squeezing operation. These diagrams demonstrated that the QD DFB laser displays
a broadband squeezing and high SL characteristics which is even slightly intensified
as the feedback strength increases. On the other hand, the QW laser also exhibits a
squeezing behavior but with a smaller SL along with a narrower bandwidth of 6 GHz
which is almost twice narrower than the 13 GHz achieved with the QD laser because
QD lasers generally feature lower values of the depletion layer capacitance and lower
photon lifetime. This can be explained by the squeezing bandwidth expression given
by Y. Yamamoto et al [IY93]. Also, it has to be noted that due to the occurrence of
the critical feedback level, the QW laser does not display a squeezing regime above -21
dB. In other words, the large feedback sensitivity of the QW material contributes to
fundamentally limiting the squeezing performance through a sharp suppression of the
squeezing regime. These maps confirm the high potential of the QD gain chip as a
feedback-insensitive source both in the context of classical and quantum noise.

Figure 5.19: The squeezing level of (a) QD laser and (b) QW laser under different optical
feedback strengths at room temperature.
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The SL in Fig. 5.19 results from the difference between the actual noise spectrum
and SQL spectrum. Negative values indicate the squeezed states. The QD laser’s
squeezing behavior under optical feedback is shown in Fig. 5.19(a). As optical feedback
strength increases, the SL steadily rises from 0.9 dB without feedback to 1.7 dB at the
strongest feedback level of -18.8 dB. However, the QW laser’s SL increases from 0.8
dB to 1.0 dB with optical feedback below -24 dB. With a further increase of the
optical feedback strength, the squeezing is lost (SL >0), which is caused by the phase-
amplitude fluctuation enhanced by the optical feedback. This echoes prior research
indicating enhanced squeezing performance with weak optical feedback [Kit+94]. QD
lasers not only have great potential as classical light sources but can be also as stable
integrated quantum light sources with enhanced squeezing performance.

Figure 5.20: Squeezing level spectrum for (a)-(c) QD laser and (d)-(f) QW laser without or
with optical feedback under -67.8 dB, -18.8 dB, and -15.1 dB respectively.

Additionally, the comparison of the SL spectra of both QD and QW lasers before
and after optical feedback allows us to further understand the detailed process of noise
evolution. Fig. 5.20(a)-(c) display the SL spectra of the QD laser without optical
feedback and with feedback strengths of -67.8 dB, -18.8 dB, and -15.1 dB, respectively.
Fig. 5.20(d)-(f) present the results for the QW laser under the same conditions. For
the QD laser, as the optical feedback strength increases, the SL gradually increases
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with a maximum value of 1.9 dB at 6 GHz. On the contrary, the QW laser maintains a
squeezed state operation whereas beyond -21 dB optical feedback strength, the squeezed
state vanishes, and the noise spectrum exhibits a periodic oscillation which further
develops into a chaotic state at higher feedback intensities. In the latter case, it is
interesting to stress that the noise like is found 10 dB higher than the SQL.

5.3.3 Non-ideal homodyne detection correction

When considering the loss of the BS and the vacuum contributions in the setup, the
quantum efficiency (ηq) usually needs to be close to 0.9 to guarantee the effectiveness
of the squeezed states. To express the propagation loss and the effect of vacuum
fluctuations on the single-mode amplitude squeezed state, the following equation is
considered [Lvo15].

〈
∆X2

out

〉
= ηq

〈
∆X2

sig

〉
+ (1 − ηq)

〈
∆X2

vac

〉
(5.2)

where
〈
∆X2

out
〉

is the variance of the measured squeezed state signal,
〈

∆X2
sig

〉
is the

variance of the initially generated squeezed state signal, and
〈
∆X2

vac
〉

is the variance
of the vacuum signal from unused BS arm. ηq contains electrical noise (ηelec) and
the efficiency of the photodetector (ηPD), the quality of the interference between the
beams in front of the photodetectors (ηmod). Finally, the ηelec is related to the shot-
noise clearance (SNC) of the homodyne detector defined such as ηelec = 1 − 1/SNC.
In the experiment, the homodyne detector has a SNC of 20 dB and a linearity value of
0.01. The expression giving the efficiency of the photodetector is ηPD = SPD × (h̄ω/e)

where SPD = 0.95 A/W corresponds to the typical photosensitivity of the InGaAs
photodetector while h̄ is the reduced Planck constant, ω the laser angular frequency,
and e the elementary charge of the electron. Considering the self-homodyne detection,
the interference between LO and signal is quite high, and ηmod can be taken as 0.94
[GG01]. Based on the product of the three efficiencies, the ηq is of 0.86 and the weights
of the squeezed state and vacuum fluctuations can be obtained as √

ηq = 0.927 and√
1 − ηq = 0.374, respectively. The weight of the squeezing signal is higher compared

to the vacuum fluctuations and therefore the SL results are reliable [Kou21; Leo97;
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Lvo15].

Figure 5.21: The noise-corrected SL of QD laser under different optical feedback strengths.

In addition, to identify the limits of our QD squeezer, the various contributions
of the loss originating from all the different optical components are also considered.
Given the total quantum efficiency (including the coupling efficiency of 0.4 and optical
efficiency of 0.6) and taking the

〈
∆X2

vac
〉

as 1/2, the noise-corrected SL (SLcorr) can
be obtained by transforming the experimentally obtained SL to a linear value by sub-
stituting

〈
∆X2

out
〉

in the Eq. (1) [Lvo15]. After noise correction, the actual squeezing
level of the QD laser can be obtained as shown in Fig. 5.21. In this case, the squeezing
level is as high as 5.1 dB of the strongest optical feedback. It is foreseeable that future
QD laser silicon-based integrated squeezed-state sources could reduce the impact of
transmission noise and be more favorable to on-chip application needs.

5.4 Analysis of second-order correlation function
To further validate the quantum characteristics of the aforementioned squeezed states,
the second-order correlation function g(2)(τ) serves as a convincing metric to evaluate
whether a light exhibits anti-bunching, bunching, or coherent. If the second-order
correlation function at zero delay g(2)(0) is less than 1, it can be confirmed as a single-
mode amplitude squeezed light source [Gro+07].
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5.4.1 Relationship between the squeezed characteristics and the second-
order correlation function

The second-order correlation function can be expressed as follows [LDC14; OCP18],

g(2)(τ) =
⟨â†(0)â†(τ)â(τ)â(0)⟩
⟨â†(0)â(0)⟩⟨â†(τ)â(τ)⟩ (5.3)

where â and â† is the field creation and annihilation operators. When considering
the zero-delay condition, the equation above can be simplified as,

g(2)(0) =
⟨â† â† ââ⟩
⟨â† â⟩2 =

⟨(â† â)2⟩ − ⟨â† â⟩
⟨â† â⟩2 (5.4)

After substitution by covariance matrix operations and operator expressions, the
g(2)(0) expression for single-mode light is expressed as follows [Ale16; OCP18],

g(2)(0) = 2 + {(1 + 2n̄th) sinh(2r)

×
[
(1 + 2n̄th) sinh(2r) + 4ᾱ2 cos ψ

]
− 4ᾱ4

}
×

[
(1 + 2n̄th) cosh(2r) + 2ᾱ2 − 1

]−2

(5.5)

Where ᾱ is the displacement amplitude. n̄th is the mean photon of the thermal
state. r is a squeezed parameter. Given that, ψ = 2ϕ with ϕ the phase in the phasor
diagram, ψ can be set to π, which is the value for the amplitude squeezed state. It’s
important to highlight that every parameter mentioned above can be transformed into
the experimental data corresponding to the squeezed state. The subsequent equation
illustrates the relationship between the displacement amplitude, the squeezing param-
eter, and the mean photon in the thermal state [LDC14].

ᾱ[r, n̄th] =

√
(2n̄th + 1)(ern̄th + sinh (r)) sinh (2r)

e−3r(e2r − (2n̄th + 1))
(5.6)

The mean photon of the thermal state is a parameter intrinsically related to both
the temperature and the energy of photons at a particular wavelength. Furthermore,
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the squeezing parameter is correlated with the squeezing level. The comprehensive
expressions detailing these relationships are presented in the following manner.

n̄th = [e(
hν

KbT ) − 1]−1 (5.7)

SL = −10log10(e
−2r) (5.8)

As the lasing wavelength is 1.31 µm, and the operating temperature is 20 ℃, n̄th

can be calculated to be approximately 0.04. Through the noise spectrum, it is known
that without external optical feedback, the maximum squeezing level of the QD laser
is about 0.9 dB. The measured g(2)(0) corresponds to the SL at all frequencies, so we
cannot just use the maximum SL for the squeezing parameter operation. Here, I use
0.45 dB to represent the average SL at all frequencies. Hence, the fitted g(2)(0) of QD
and QW laser under optical feedback strengths can be obtained, as shown in Fig. 5.22.

Figure 5.22: The fitted g(2)(0) of QD and QW laser under different optical feedback strengths.

It can be observed that, under the conditions of the quiet pump, the g(2)(0) of the
QD laser fitted from the squeezed state gradually decreases with the feedback strength,
namely dropping from 0.98 to around 0.96. On the other hand, the g(2)(0) derived from
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the QW laser is consistent with the SL. When the feedback strength is less than -24
dB, the g(2)(0) slightly declines, reaching a minimum of approximately 0.97. When the
feedback strength exceeds the critical feedback level of -21 dB, it rapidly increases above
1 and approaches 2, hence indicating that the QW laser operates within a chaotic state
at high feedback strength. The g(2)(0) is entirely consistent with the parameters of
the laser’s squeezed state, which validates the accuracy of the squeezing characteristic
measurement.

5.4.2 Experimental results

Figure 5.23: Experimental setup for amplitude squeezed state generation employing optical
feedback.

To bolster the reliability of the previously mentioned theoretical parameters, I as-
sembled a g(2)(0) testing platform. Fig. 5.23 illustrates the Hanbury Brown and Twiss
(HBT) setup, devised for measuring g(2)(0). In this arrangement, both QD (Quantum
Dot) and QW (Quantum Well) lasers were individually driven by a subdued pump.
After this, the laser light traverses through two optical attenuators, which offer a peak
attenuation of up to 110 dB. This precautionary measure is instituted to guarantee that
the optical power impinging upon the single-photon detectors is maintained within a
secure range. Proceeding further, an impeccably 50/50 optical beamsplitter is em-
ployed to bifurcate the laser light equitably into twin paths, ensuring a balanced dual-
arm configuration between the two single-photon avalanche detectors (SPADs, sourced
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from ID Quantique, model ID200). The ensuing photocurrent signals, generated by
the detectors, are subsequently directed into a time-to-digital converter (TDC, sourced
from ID Quantique, model ID800) to ascertain the coherence interlinking the signals.
Throughout the measurement process, the coincidence time interval δ is determinedly
set at 50 ns, while the total testing duration T spans 2 seconds. During this period, the
count rates R1 and R2 for the two channels are meticulously logged. Additionally, the
coincidence events R12 interceding between the two channels are also assiduously com-
piled. By leveraging this dataset, the normalized g(2)(0) can be calculated employing
the subsequent equation [McK+03; Zhu+12].

g(2)(0) =
R12

δTR1R2
(5.9)

Figure 5.24: The comparison of fitted and experimental g(2)(0).

The g(2)(0) values for the QD laser under weak feedback strength (-67.8 dB) and
at a high feedback intensity (-18.8 dB) are 0.9835±0.0029 and 0.9692±0.0043, respec-
tively. The g(2)(0) trends for the QW laser are also consistent with the fitted ones.
0.9852±0.0032 at weak feedback strength (-67.8 dB) and 1.7213 ±0.0037 at high feed-
back strength (-18.8 dB), where the squeezed state disappears. The error is determined
from multiple counts. The increased anti-bunching characteristics of photons from the
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QD laser demonstrate that the amplitude squeezing performance is preserved and en-
hanced under optical feedback. The measured results of g(2)(0) perfectly demonstrate
the tendency of the squeezing state of QD and QW lasers analyzed by the electric
spectrum to vary with the optical feedback. Noteworthy is that the feedback light
could affect the quantum noise of the laser due to the amplitude-phase coupling and
spontaneous emission contribution reduction [KYS95; Pet95]. With a smaller linewidth
enhancement factor, the QD laser is more likely to exhibit lower relative intensity noise
and a stronger suppression of amplitude squeezed state noise under optical feedback.
Additionally, I believe that the reduction in the photon lifetime due to the increased
photon density in the cavity, gain saturation, and the reduced depletion layer capaci-
tance will further increase the squeezing bandwidth [IY93; KYS95].

5.5 Summary
In this Chapter, I have demonstrated that QD lasers showcase superior squeezing
performance under quiet pumping and that their quantum noise possesses notable
tolerance to optical feedback, particularly when compared to QW lasers. Addition-
ally, examining the second-order correlation function substantiates the reliability of
the aforementioned concepts. This research establishes a comprehensive foundational
framework for devising future compact, energy-efficient photonic integrated circuits in
quantum applications.

• In the second section, the quantum dot lasers are shown to be capable of achieving
broadband amplitude squeezed states at room temperature in the frequency range
from 3 GHz to 12 GHz, and have a squeezing intensity of 0.9 dB without noise
correction.

• In the third section, the squeezed states generated by QD lasers based on injected
carriers with sub-Poissonian distribution show perfect optical feedback tolerance.
Moreover, it has a SL of up to 5.1 dB after noise correction, which meets the
needs of various applications.

• Then, the ultra-optical feedback insensitivity of the squeezed state of the QD laser
was verified by analyzing and measuring the second-order correlation function of
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the squeezed states. Reconstruction of squeezed states using Wigner functions
will be the focus of my attention in the future.
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CHAPTER 6

Conclusions and Perspectives

In this thesis, both the classical and quantum properties of QD lasers have been ana-
lyzed and investigated.

Firstly, the αH-factor below and above the threshold current in a multi-mode QD
laser has been effectively extracted and analyzed. The commonly used ASE method
facilitates the convenient extraction of the αH-factor below the threshold current. The
laser operates practically at a high pump current, and the precise extraction of the αH-
factor above the threshold current contributes to the analysis of parameters such as the
linewidth that are related to the αH-factor. Here, the method of optical phase modula-
tion was employed to extract the αH-factor above the threshold current for multi-mode
operation, demonstrating its dependence on the spectrum and current. Additionally,
compared to QW, QD lasers exhibited a lower αH-factor, aiding in the development of
PICs without optical isolators. Additionally, we conducted direct modulation experi-
ments on silicon-based epitaxial QD lasers under various optical feedback conditions.
The QD laser achieved a modulation rate of 6 Gbps, and due to its lower αH-factor,
it could withstand strong feedback. The experimental results provide evidence for
the high-density integration of silicon-based epitaxial QD lasers in silicon photonics
applications.

Secondly, it is because the QD laser possesses a lower αH-factor that QD lasers
under optical feedback cannot generate more nonlinear dynamics. Here, the optoelec-
tronic feedback technique was used for the dynamics generation of silicon-based QD
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lasers and the dynamical processes were explored by both experimental and numerical
computational methods. The optoelectronic feedback system in which the QD laser is
involved exhibited a variety of dynamical states, including steady-state, square-wave,
and mixed fast and slow oscillatory waveforms. Interestingly, the sensitivity of QD
lasers to OEF is much higher than that of QW lasers and is confirmed by the integral
differential delay model and experimental time-domain signals. We believe that this
technique can be applied to areas such as integrated optical computing, logic, and
sensing.

Furthermore, a comprehensive study of the external carrier noise on the αH-factor
of QD DFB lasers has been conducted through both experimental and simulation
approaches. Under quiet pumping conditions, the αH-factor is significantly smaller
than that under normal pump driving, and there is excellent agreement between the
semi-classical numerical model and experimental results. Simulation results indicate
that using a quiet pump near the threshold current is advantageous for reducing fre-
quency noise, thereby decreasing optical linewidth, but has a minor impact at high
currents. Interestingly, the αH-factor of QW lasers exhibits behavior similar to that of
QD lasers. This work, as an early-stage investigation in Chapter 5, demonstrates the
noise-suppressing effect of a quiet pump on QD laser’s noise.

Finally, based on the noise suppression properties of QD lasers by quiet pump, the
QD DFB laser was found to be capable of generating amplitude squeezed states under a
quiet pump. Moreover, their quantum noise is remarkably tolerant to optical feedback,
especially when compared to QW lasers. In addition, at a high feedback strength
of -18.8 dB, the corrected squeezing intensity of the QD laser is as high as 5.0 dB.
Furthermore, the study of the g(2)(0) confirms the reliability of the above concepts.
The g(2)(0) of the single-mode squeezed state, exhibited the property of being less
than 1, and the g(2)(0) of the QD laser decreased gradually with the increase of the
feedback strength. In contrast, the g(2)(0) of QW lasers becomes greater than 1 above
a feedback strength of -21 dB, indicating that the squeezed state is destroyed. This
study establishes a fundamental framework for designing compact and energy-efficient
optical quantum integrated circuits.

In the future, the following theoretical and experimental work can be envisioned:
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• In the realm of optical computing, the work presented in Chapter 3 paves the way
for future reservoir computing experiments utilizing OEF. The incorporation of
OEF is poised to significantly enhance the memory and processing capabilities
of reservoirs. This is achieved by introducing dynamic, time-delayed feedback
into the system, making it exceptionally adept at tasks like pattern recognition
and time series prediction. The intricate and rich dynamics afforded by OEF
hold the promise of developing more efficient and robust reservoir computing
systems. Furthermore, there is potential for pioneering experiments and models
of OEF-based coherent Ising machines, aimed at tackling combinatorial opti-
mization problems. The majority of existing literature incorporates MZM in
OEF to derive nonlinear transfer equations for coherent Ising machines [BVV19;
Mwa+23]. Building upon the insights, there is an opportunity to streamline this
approach. The idea is to directly employ the nonlinear transfer equation of the
QD laser, serving the same purpose but with a simplified setup architecture. This
approach could not only enhance the efficiency of coherent Ising machines but
also facilitate their on-chip integration. Such advancements have the potential to
revolutionize the way complex computational problems are addressed in critical
fields like cryptography, logistics, and machine learning.

• I intend to use the Wigner function to reconstruct and analyze a single-mode
squeezed state. The Wigner function provides a complete quantum mechanical
description of the squeezed state and visualization of the statistical distribution
as shown in Fig.6.1 [Smi+93]. The Wigner function of a squeezed state shows
how the uncertainty of a variable is reduced, which manifests itself as an ellipse
that is narrower in one dimension than the other. On this ground, it becomes of
great interest to study how optical feedback affects the elliptic Wigner function.

• I plan to investigate integrated squeezed state generators based on QD lasers.
The unique properties of the QD lasers discussed in this thesis, such as low thresh-
old current, optical feedback insensitivity, etc. make them ideal candidates for
such integrated quantum photonic devices. Efficient intensity squeezed states
can be generated using the QD laser and simple pump carrier noise modulation.
The design and fabrication of on-chip compact and efficient nonclassical opti-
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Figure 6.1: The Wigner function for (a), (b) the squeezed state and (c),(d) the vacuum state.
[Smi+93]

cal generators based on QD lasers and quiet pumps can greatly reduce the loss
and predictably increase the squeezing intensity. This is crucial for quantum
computing, secure quantum communication, and quantum sensing.

• Mid-infrared wavelengths are typically subject to less atmospheric absorption, en-
hancing the reliability of long-distance free-space transmissions. Quantum cas-
cade laser (QCL) and interband cascade laser (ICL) are well known for their
ability to operate in the mid-infrared wavelengths, which is critical for overcom-
ing environmental challenges in communications [Did+22; Did+23]. Then, if
a QCL or ICL is used as an amplitude squeezed state generator, a free-space
continuous-variable quantum key distribution system can be realized. Generat-
ing amplitude squeezed states under a quiet pump using QCL or ICL is part of
my future work.
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Appendix B: Résumé de thèse en français

Cette section démontre que le facteur d’amplification de largeur de raie des lasers à
points quantiques est influencé par le transport externe des porteurs provenant de dif-
férentes sources de courant externes. Un modèle combinant l’équation de taux et le
bruit de porteurs semi-classique est utilisé pour étudier les différents mécanismes con-
duisant au phénomène susmentionné dans le contexte d’un laser à rétroaction distribuée
à points quantiques. Parallèlement, le facteur d’amplification de largeur de raie extrait
de la méthode de modulation de phase optique montre des différences marquées lorsque
le laser à points quantiques est alimenté par des pompes de différents niveaux de bruit.
De plus, l’influence du bruit de porteurs externe sur le bruit de fréquence à proximité
du courant de seuil du laser affecte directement l’ampleur du facteur d’amplification
de la largeur de raie. Les simulations examinent également comment le transport ex-
terne des porteurs impacte le bruit de fréquence et la largeur de raie spectrale du laser
à points quantiques. Dans l’ensemble, nous pensons que ces résultats revêtent une
importance primordiale pour le développement d’oscillateurs ultra-basse bruit intégrés
sur puce produisant de la lumière au niveau du bruit de photon ou en dessous.

• Introduction
Au cours de la dernière décennie, le trafic Internet mondial a connu une croissance

exponentielle avec la multiplication des utilisateurs finaux. Les centres de données hy-
perscale sont largement déployés en tant que piliers de l’infrastructure de télécommu-
nications, soutenant à la fois les usages individuels et commerciaux, d’où l’importance
des émetteurs-récepteurs optiques dans la chaîne de communication. À ce stade, le
bruit de phase est crucial pour le débit à haut débit. La source lumineuse la plus
couramment utilisée dans les émetteurs-récepteurs optiques est le laser à puits quan-
tique (QW), et ces dispositifs ne sont pas réputés pour être des oscillateurs à faible
bruit de phase, présentant souvent une largeur de ligne optique typique de l’ordre de
quelques MHz, ce qui ne peut pas être directement exploité pour l’application des sys-
tèmes de multiplexage en longueur d’onde dense (DWDM). D’autre part, une largeur de
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ligne optique intrinsèque inférieure à 100 kHz a été largement rapportée dans les diodes
laser fabriquées avec un matériau actif de points quantiques (QD). En effet, grâce à leur
confinement tridimensionnel des porteurs et à la distribution discrète de la densité des
états, les lasers à points quantiques présentent des largeurs de ligne optique d’environ
un ordre de grandeur inférieur à celles de leurs homologues à puits quantique, ce qui
est souhaitable pour des applications nécessitant des formats de modulation avancés,
ainsi que pour le développement de nouveaux émetteurs-récepteurs basés sur la tech-
nologie à sous-porteuses, par exemple. De plus, les lasers à points quantiques sont
compatibles à la fois avec l’intégration hybride et épitaxiale sur silicium et présentent
une faible densité de courant de seuil, une grande stabilité thermique et une excellente
tolérance au rétroéclairage optique, ce qui en fait des candidats idéaux pour les sources
lumineuses sur puce et les liaisons optiques à courte portée. Ces dernières années,
les lasers à points quantiques ont été à plusieurs reprises rapportés comme étant des
sources lumineuses compétentes pour les circuits intégrés photoniques (CIP) basés sur
le silicium, conçus non seulement pour les émetteurs-récepteurs optiques, mais aussi
pour d’autres applications avancées où le faible bruit de la source laser est impératif,
comme dans les gyroscopes à échelle de puce et la cryptographie quantique, pour n’en
citer que quelques-unes. Dans le domaine des télécommunications, alors que le trafic
de données continue d’augmenter, il est nécessaire de faire évoluer la capacité de trans-
mission, et donc l’utilisation d’oscillateurs locaux à faible coût de quelques kHz et
sous-kHz est nécessaire pour exploiter le débit de données accessible de 800 GBaud.
Pour un gyroscope intégré, afin de réaliser des dispositifs de mesure rotationnelle les
plus précis possible, la source lumineuse doit avoir un faible bruit pour améliorer la
précision de mesure dans différentes situations. De plus, les lasers à points quantiques
ont le potentiel de réaliser une distribution quantique de clés (QKD) sur puce. Enfin,
en exploitant les propriétés non linéaires des lasers à points quantiques, l’amplitude des
quadratures des lasers à points quantiques peut également être réduite en dessous de
la limite quantique standard (SQL) pour obtenir un écrasement du bruit d’amplitude.
Sur ces fronts, il est nécessaire de supprimer davantage le niveau de bruit dans les
lasers à points quantiques pour fournir des options sur puce simples et peu coûteuses.

Dans ce contexte, le facteur αH est le paramètre clé à considérer, car il quantifie le
couplage de fluctuation d’amplitude-phase des lasers à semiconducteurs sous injections
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de courant, et est connu comme un aspect prépondérant non seulement des effets
d’amplification de la largeur de ligne mais aussi de nombreux autres aspects du laser
tels que le bruit, la modulation et les propriétés de dynamique non linéaire. Dans le
cadre du développement d’oscillateurs à ligne étroite ultra, il est pertinent d’étudier
comment le facteur αH et par conséquent le bruit de fréquence sont affectés par les
conditions de pompage, notamment par le transport des porteurs à travers la jonction.
Le facteur αH est conventionnellement exprimé par le rapport entre les variations de
l’indice de réfraction et du gain optique par rapport à la densité de porteurs, ce qui
constitue une base fondamentale pour les performances en matière de bruit. Il a été
démontré que le facteur αH peut être largement réduit en utilisant des matériaux
actifs de points quantiques grâce à la quantification d’énergie et au confinement de la
fonction d’onde dans le potentiel hétérostructure dans les trois dimensions spatiales.
L’utilisation de nanostructures de dimension zéro comme milieux actifs a prouvé leurs
capacités à atteindre des oscillateurs à faible intensité et à faible bruit de phase. Étant
donné cela, il est important de mieux comprendre le rôle du bruit de porteurs généré
à partir de la source de courant pour fournir un moyen supplémentaire de minimiser
davantage le facteur αH. Typiquement, une source de courant à faible bruit (c’est-à-
dire une pompe silencieuse) est généralement requise pour réduire l’impact du bruit
électrique externe lors de l’étude des propriétés de bruit d’un laser à semiconducteurs.

• Théorie et modèle numérique

La Fig. 6.2 montre deux pompes de courant pour le laser à points quantiques : (a)
pompe normale et (b) pompe silencieuse. L’effet de la pompe sur le laser est décrit
avec un circuit équivalent, où Rd est la résistance différentielle de la jonction du laser,
L est l’inductance parasite, et C est la capacité parasite. La résistance différentielle
émule l’amortissement résultant des termes de recombinaison spontanée et stimulée
dans l’équation de taux. L’inductance représente la longueur d’onde de résonance du
laser. La capacité contient la capacité de diffusion de la couche active et la capacité de
charge d’espace du laser. La pompe normale peut être réalisée pratiquement lorsque
la résistance différentielle de la jonction du laser Rd = (dI/dV)−1 est beaucoup plus
grande que la résistance interne Rs de la pompe, tandis que la pompe silencieuse est
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Figure 6.2: Diagramme schématique du modèle théorique illustrant la relation entre les por-
teurs injectés et les photons dans un laser à semiconducteurs alimenté par (a) une pompe
normale et (b) une pompe silencieuse.

obtenue dans la limite opposée. Il convient de souligner que le bruit de courant dans
les lasers à semiconducteurs est une combinaison de bruit de diffusion thermique et
de bruit de génération-recombinaison concernant les porteurs minoritaires. Ces événe-
ments de bruit surviennent séquentiellement et provoquent le départ de la densité de
porteurs minoritaires de l’équilibre. Ensuite, le circuit externe restaurerait la distribu-
tion stationnaire des porteurs minoritaires et régulerait leur injection dans la région
active via le processus de relaxation. Par exemple, lorsque l’on a la pompe normale avec
une résistance de source infinitésimale Rs, ce processus de relaxation serait complété
avec un temps de retard négligeable τRsC = RsC. Par conséquent, le laser ne mémorise
pas l’événement précédent et donc chaque événement se produit indépendamment du
point de vue statistique, ce qui est exactement l’origine physique de la distribution de
bruit complet ou de photons de Poisson comme le montre la Fig. 6.2(a). Au contraire,
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si l’on a une pompe silencieuse avec une résistance de source considérable Rs, la modu-
lation des porteurs minoritaires ne peut pas être éliminée instantanément par le circuit
externe en raison d’un grand délai τRsC. Par conséquent, la tension de jonction est
autorisée à fluctuer par le transit diffusif thermique et les événements de génération-
recombinaison comme le montre la Fig. 6.2(b). Dans ce contexte, si les événements
de recombinaison dépassent la valeur moyenne, la tension de jonction diminue en rai-
son du transit diffusif thermique excessif. Cependant, comme cette diminution de la
tension de jonction n’est pas récupérée à temps, le taux de transit diffusif thermique
diminue temporairement, ce qui se traduit par moins d’événements de recombinaison.
Cette séquence fonctionne comme un mécanisme d’auto-rétroaction de stabilisation
pour réguler le processus de pompage, ce qui peut potentiellement avoir un impact
significatif sur le facteur αH et le spectre de bruit. Les deux pompes ont été mesurées
expérimentalement pour présenter des caractéristiques de bruit différentes comme le
montre la Fig. 6.3.

Figure 6.3: (a) La puissance de bruit et (b) la fluctuation de bruit des pompes normales et
silencieuses.

Pour comparer le bruit de courant des différentes pompes, j’ai fait passer le courant
d’entraînement de la pompe à travers une résistance de 10 Ω. Le bruit de courant a été
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mesuré en couplant la fluctuation de tension sur la résistance à travers un condensateur
de 10 nF à un amplificateur à faible bruit avec une impédance d’entrée de 50 Ω. Nous
avons choisi cette résistance et ce condensateur pour correspondre étroitement à la
valeur de la résistance du laser, dans le but de capturer la fluctuation de bruit de la
source de courant près de la charge du laser. Le signal amplifié a ensuite été analysé
à l’aide d’un analyseur de spectre électrique et d’un oscilloscope. Nous avons comparé
les caractéristiques de bruit des pompes normales et silencieuses. Les points de bruit
dans la Fig. 6.3(a) sont extraits du bruit à 50 MHz du spectre électrique. Le bruit est
stable à différents courants des deux pompes. Nous avons donc mesuré la fluctuation
de bruit à 100 mA. Le spectre électrique et les fluctuations dans le domaine temporel
démontrent tous deux la fiabilité de nos expériences comparatives.

• Simulation numérique et analyse expérimentale

Figure 6.4: Représentation schématique de la structure électronique et de la dynamique des
porteurs dans un QD pour des conditions de pompage normales et des conditions de pompage
silencieuses. Les deux sources de courant sont distinguées par le fait que les courants sont
censés être égaux et que la pompe silencieuse a une petite variance de courant.
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Une pompe silencieuse avec une distribution de porteurs sub-poissonnienne et une
pompe normale avec une distribution de porteurs gaussienne peuvent être bien décrites
en utilisant un modèle stochastique. Cependant, dans ce type de représentation,
l’inclusion du terme de phase influençant le facteur αH est plutôt compliquée. Au
lieu de cela, le bruit de fréquence et le facteur αH d’un laser à points quantiques peu-
vent être mieux modélisés avec une approche d’équation de taux. Ici, nous incorporons
dans ces équations de taux les différentes contributions au bruit en tenant compte
des différentes sources de courant. Comme le montre la Fig. 6.4, la dynamique des
porteurs de QD est décrite en considérant un système à trois niveaux d’énergie. Le
modèle suppose une émission monomode qui correspond exactement à la configuration
réalisée avec le laser à DFB QD étudié. De plus, il est supposé que la région active
ne contient qu’un seul ensemble de QD, où les nanostructures sont interconnectées par
un état de réservoir bidimensionnel (RS). Le QD contient deux états liés : un état fon-
damental dégénéré deux fois (GS) et un état excité dégénéré quatre fois (ES). Les QD
sont implicitement supposés être toujours neutres, les électrons et les trous sont traités
comme des paires électron-trou, ce qui signifie que le système est uniquement composé
d’états d’énergie excitonique. Les porteurs sont supposés être injectés directement des
contacts dans les niveaux RS. Lorsque différentes pompes définissent le même courant,
on peut supposer que la valeur attendue du courant est la même, mais la variance
est différente. Les différentes variances représentent différents niveaux de bruit. Les
équations de taux couplées sur la dynamique des porteurs, de la phase et des photons
se lisent comme suit:
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dϕ
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= ∆ωGS

N + ∆ωES
N + ∆ωRS

N + Fϕ (6.5)

où les nombres de porteurs dans les niveaux d’énergie GS, ES et RS sont désignés
respectivement par NRS, NES et NGS tandis que SGS est le nombre de photons dans le
niveau GS et ϕ représente la phase du champ électrique. La dynamique des porteurs
est brièvement décrite comme suit. Tout d’abord, les porteurs sont capturés du RS
vers l’ES avec un temps de capture τRS

ES puis ils se relaxent de l’ES vers le niveau GS
avec un temps de relaxation τES

GS. Les porteurs peuvent également être réémis ther-
miquement de l’ES vers le RS avec un temps d’échappement τES

RS . Un comportement
dynamique similaire est suivi pour la population de porteurs au niveau GS concer-
nant l’ES. De plus, les porteurs peuvent également se recombiner spontanément avec
des temps d’émission spontanée τ

spon
RS , τ

spon
ES et τ

spon
GS aux niveaux RS, ES et GS, re-

spectivement. Comme indiqué dans l’équation 6.2, le terme de pompage η I/q intègre
l’efficacité d’injection η et q la charge élémentaire. Enfin, il convient de souligner que
ρES, ρGS correspondent aux probabilités d’occupation des porteurs dans les niveaux ES
et GS tandis que βsp est la fraction de l’émission spontanée couplée dans le mode de
laser, Γp est le facteur de confinement optique, vg est la vitesse de groupe et ∆ωRS,ES,GS

N

représente le décalage de fréquence du champ laser induit par les porteurs par rapport
à la fréquence. FRS,ES,GS,S,ϕ sont les termes de bruit de Langevin. Les paramètres du
modèle d’équation de taux à trois niveaux d’énergie sont présentés dans le Tableau 6.1.
L’énergie de transition GS (0,95 eV) correspond à la longueur d’onde du laser à QD
utilisée dans l’expérience. Les autres paramètres sont référencés dans la littérature sur
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les lasers DFB à QD de longueur d’onde 1310 nm.

Les caractéristiques du laser à points quantiques sont étudiées par analyse du petit
signal. En utilisant l’approche de Langevin, nous étudions les caractéristiques du bruit
de fréquence, où les différents bruits de porteurs imposés par différentes sources de
courant seront reflétés. Nous introduisons FRS(t), FES(t), FGS(t), FS(t) et Fϕ(t) comme
termes de bruit de Langevin dans les équations de taux de porteurs, de photons et
de phase. De plus, la force de corrélation des sources de bruit est <Fi(t) Fj(t)> =
2Di−jδ(t − t

′
), où les indices i, j se réfèrent à NRS, NES, NGS, S et Φ où Di−j est

le coefficient de diffusion entre deux sources de bruit qui sont delta corrélées. La
Fig. 6.5 explique brièvement le modèle de réservoir pour caractériser les performances
de bruit du laser. Ici, les forces de corrélation des différentes sources de bruit de
Langevin peuvent être déterminées en observant les taux d’entrée et de sortie dans les
différents réservoirs. Le bruit lié au courant entre dans le système par DR−R, d’où
l’inclusion du terme de courant dans DR−R. Les porteurs pompés sont injectés dans
la structure laser (η I/q). Nous avons considéré les fluctuations de bruit de porteurs
sur des échelles de temps sub-nanosecondes car le bruit de porteurs reste discernable à
des fréquences supérieures au GHz. À ce stade, l’échelle de temps du bruit de porteurs
coïncide avec les durées de vie des porteurs (ns) et les durées de vie des photons (ps)
d’à peu près un ordre de grandeur, de sorte que le coefficient de diffusion entre les
deux sources de bruit est corrélé par delta. Ensuite, certains porteurs participent
à l’émission spontanée, et d’autres vont au niveau d’énergie ES et participent aux
processus dynamiques ultérieurs. Après le processus d’émission spontanée et stimulée
de ES, certains des porteurs atteignent le niveau d’énergie GS. Enfin, soulignons que
le laser à QD étudié n’émet que sur la transition GS, donc l’émission stimulée dans ES
n’est pas considérée.

Après l’analyse des flux de particules entrant/sortant des différents réservoirs selon
la méthode décrite dans, les coefficients de diffusion peuvent être dérivés comme suit.
Il s’agit là de l’aspect critique permettant de distinguer les différents bruits de porteurs
issus de différentes sources.
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Symbol Physical description Value

ERS RS transition energy 1.15 eV

EES ES transition energy 1.01 eV

EGS GS transition energy 0.95 eV

τRS
ES RS to ES capture time 1.3 ps

τES
GS ES to GS relaxation time 1.2 ps

τGS
ES GS to ES escape time 0.12 ns

τES
RS ES to RS escape time 5.35 ns

τ
spon
RS RS spontaneous emission time 0.5 ns

τ
spon
ES ES spontaneous emission time 0.5 ns

τ
spon
GS GS spontaneous emission time 1.2 ns

τp Photon lifetime 8.1 ps

βsp Spontaneous emission factor 1 ×10−4

aRS RS Differential gain 2.5 × 10−15 cm2

aES ES Differential gain 1.0 × 10−14 cm2

aGS GS Differential gain 5.0 × 10−15 cm2

ξ Gain compression factor 2.0 × 10−16 cm3

Γp Optical confinement factor 0.06

αGS GS contribution to αH-factor 1.50

NB Total dot number 4.3×106

VB Active region volume 3.75 × 10−11 cm3

VRS RS region volume 3.0 × 10−12 cm3

Table 6.1: Paramètres matériels et optiques du laser à points quantiques InAs/GaAs
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Figure 6.5: Modèle de réservoir utilisé dans l’analyse des équations de taux du laser à points
quantiques. Chaque flèche pleine dans le diagramme de flux représente le nombre de particules
qui circulent par unité de temps. Les lignes en pointillés représentent la relation avec la phase.
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τ
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DR−G = DR−S = DR−ϕ = DE−S = DE−ϕ = DG−ϕ = DS−ϕ = 0 (6.14)
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Suivant la règle de Cramer et les coefficients de diffusion ci-dessus, le bruit de
fréquence (FN) du laser à points quantiques peut être dérivé comme suit.

FN(ω) =
〈
|δωS(ω)|2

〉
=

〈∣∣∣∣jω ∆ϕ

∆

∣∣∣∣2
〉

(6.15)

où ω = 2π f , et f est la fréquence optique mesurée. ∆ est le déterminant obtenu à
partir du système. Puisque certaines forces de corrélation sont nulles, le FN(ω) peut
être simplifié comme suit:

FN(ω) =

〈
ω2

|∆|2
∣∣DRMR−ϕ − DEME−ϕ + DG MG−ϕ − DSMS−ϕ + DϕMϕ−ϕ
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=
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〉 ∣∣MR−ϕ

∣∣2 + 〈
|DE−E|2

〉 ∣∣ME−ϕ

∣∣2 + 〈
|DG−G|2

〉 ∣∣MG−ϕ

∣∣2
+

〈
|DS−S|2

〉 ∣∣MS−ϕ

∣∣2 + 〈∣∣Dϕ−ϕ

∣∣2〉 ∣∣Mϕ−ϕ

∣∣2 − 2
〈

DR−ED∗
R−E

〉
Re

(
MR−ϕM∗

R−ϕ

)
−2

〈
DE−GD∗

E−G
〉

Re
(

ME−ϕM∗
G−ϕ

)
− 2

〈
DG−SD∗

G−S
〉

Re
(

MG−ϕM∗
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(6.16)

• Comparaison des résultats numériques et expérimentaux

Le coefficient de diffusion DR−R constitue notre paramètre clé pour corréler le bruit
de fréquence et le bruit provenant de la source de courant. Lorsque l’on utilise une
pompe normale pour entraîner le laser, nous considérons que le terme de bruit de
courant η I/q affecte le laser à points quantiques à travers l’état de réservoir dans le
milieu actif. Lorsque la pompe silencieuse est prise en compte, nous pouvons retirer le
η I/q du DR−R et donc supposer que le courant est sans bruit pour le laser à points
quantiques. Selon la théorie ci-dessus, les courbes de FN sont obtenues sous différentes
sources de courant comme le montre la Fig. 6.6(a-d). Avec l’augmentation du courant,
le bruit de fréquence émis par les deux sources de courant se rapproche progressivement
du plateau à basse fréquence. La valeur de FN à basse fréquence correspond à la largeur
de raie optique (∆νOL) du laser à points quantiques, tandis que celle du plateau à
haute fréquence donne la largeur de raie de Schawlow-Townes (∆νST). On peut voir
que la réponse de la FN à haute fréquence ne dépend pas des sources de courant. En
d’autres termes, que ce soit une pompe normale ou silencieuse, cela n’affecte pas le
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bruit d’émission spontanée dominé par les caractéristiques du milieu de gain. Le pic
entre les deux plateaux, apparaissant au-dessus du courant de seuil, correspond à la
fréquence d’oscillation de relaxation ( fRO) du laser à points quantiques. Ainsi, lorsque
la fréquence est inférieure à fRO, la FN est déterminée non seulement par l’émission
spontanée mais aussi par les fluctuations des porteurs, et la largeur de raie optique
peut être exprimée comme ∆νOL = ∆νST(1+α2

H). Par conséquent, comme la largeur de
raie optique est entraînée par différents bruits de porteurs, le facteur d’amplification de
largeur de raie est influencé. De plus, les cartes affichées dans les Fig. 6.6(e) et 6.6(f)
montrent que lorsque le laser fonctionne avec une pompe silencieuse, le laser présente
une plage plus large de bas FN. Le point d’inflexion à la fréquence de résonance près de
1,8 fois le seuil est attribué au facteur d’émission spontanée (βsp = 1× 10−4). En raison
de l’efficacité limitée de l’émission spontanée, la puissance de sortie du laser présente
une relation non linéaire avec le courant de seuil. Dans l’ensemble, ces simulations
révèlent comment le bruit de porteur provenant de la source de courant impacte le FN
du laser à points quantiques en particulier près de la transition de seuil.

Dans ce qui suit, le facteur αH a été extrait des simulations de FN et comparé
aux expériences pour différentes conditions de sources de courant. Pour ce faire, le
facteur αH a été extrait autour et au-dessus du courant seuil en utilisant une méthode
de modulation de phase optique décrite dans le chapitre 2. La modulation du laser à
points quantiques DFB à haute fréquence (13 ∼ 18 GHz) conduit à des modes sec-
ondaires distincts dans le spectre optique et les modes secondaires à différents retards
optiques sont utilisés pour récupérer le facteur αH. L’expérience est réalisée à tempéra-
ture ambiante (20 ℃). Une telle approche nous permet de retrouver la dépendance
en courant de la pompe du facteur αH avec et sans conditions de tranquillité. Les
résultats expérimentaux sont représentés dans la figure 6.7(a) et comparés aux simula-
tions (lignes pleines). Près du courant seuil, il est démontré que le facteur αH devient
beaucoup plus petit dans des conditions de pompage silencieux. Par exemple, au seuil,
avec une pompe normale, le facteur αH est d’environ 1,7 tandis qu’il est réduit à 0,5
avec un pompage silencieux. Plus le bruit du porteur est fort, plus il est facile d’être
capturé par les états de défaut et d’affecter l’efficacité de l’émission stimulée. En effet,
la modulation de phase optique nécessite une puissance suffisante du laser, ce qui est
difficilement le cas lorsqu’il fonctionne près du seuil. Malgré cela, nous démontrons que
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Figure 6.6: Spectres simulés du bruit de fréquence du laser à points quantiques avec pompe
normale (ligne rouge) et pompe silencieuse (ligne bleue) à différents courants de polarisation
(a-d). La cartographie de FN est représentée en fonction de la pompe de polarisation nor-
malisée et de la fréquence sous (e) pompe normale et (f) pompe silencieuse.
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Figure 6.7: Facteur αH expérimental (ligne en pointillés) et simulé (ligne pleine) (a) et largeur
de raie optique (b) en fonction du courant de polarisation sous différentes pompes.

les facteurs αH mesurés sont qualitativement en bon accord avec ceux des simulations.
De manière intéressante, des travaux antérieurs ont également montré une augmenta-
tion du facteur αH extrait dans un laser à points quantiques à partir de l’ASE et de
la pompe normale à travers le seuil, mais les raisons exactes de ce phénomène restent
obscures. Alors qu’avec les porteurs silencieux, le facteur αH du laser à points quan-
tiques près du courant seuil n’apparaît que comme un échelon en raison de l’inversion
de population, ce qui a également été simulé dans la référence. Le facteur αH ne tombe
pas à zéro au-dessous du seuil mais s’approche d’une valeur minuscule d’environ 0,02.
Même lorsque l’effet du bruit externe du porteur a été éliminé dans les simulations de
pompage silencieux, les impacts de l’émission spontanée et d’autres bruits intrinsèques
sur le facteur αH sous-seuil persistent, conduisant à une valeur de facteur αH diminuée
qui n’est pas entièrement nulle. De plus, nos résultats expérimentaux et de simulation
montrent que plus de différences ne sont observées à mesure que le courant augmente.
Le facteur αH devient indépendant du bruit du porteur.

Comme la largeur de raie optique est liée au facteur αH, la mesure de la largeur
de raie du laser QD DFB est également réalisée avec un interféromètre à hétérodyne à
auto-décalage à 20 ℃. Les résultats sont présentés par des points dans la figure 6.7(b)
pour les conditions de pompage normal et silencieux. Pour extraire les largeurs de raie,
un profil de lissage Voigt est utilisé. En raison de limitations techniques sur la puissance
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Figure 6.8: Le facteur αH expérimental du laser QW avec des pompes normales et silencieuses.

de sortie couplée, les largeurs de raie optiques n’ont pu être extraites que au-dessus de
deux fois le courant seuil. Comme prévu, nous avons constaté que la largeur de raie
évolue avec le courant d’injection avec une diminution marquée au-dessus du seuil de
plusieurs MHz à une valeur stable d’environ 500 kHz, ce qui est typique pour un laser
à points quantiques. À fort courant de pompe, il n’y a pas de différence significative
dans la largeur de raie optique lorsqu’elle est pilotée par différentes sources de courant,
ce qui est également cohérent avec les résultats de simulation. Cependant, lorsque le
laser est légèrement piloté au-dessus du seuil, les simulations révèlent que l’utilisation
d’une pompe normale ne contribue qu’à augmenter la largeur de raie. Par exemple,
à 1,5 fois le courant seuil, la largeur de raie optique est de 1,8 MHz avec la pompe
silencieuse, contre 3,2 MHz pour les conditions de pompage normales. Le facteur
αH obtenu dans différentes conditions de bruit de la pompe détermine directement la
tendance de la largeur de raie. La largeur de raie sera étendue de manière quadratique
par le facteur αH. Le chevauchement du facteur αH à des courants élevés rend également
la largeur de raie indépendante des différentes conditions de bruit de la pompe. Par
conséquent, les impacts du bruit externe du porteur sur le bruit de fréquence s’étendent
considérablement à la fois au facteur αH et à la largeur de raie optique.
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Pour comparaison, nous utilisons également différentes pompes pour piloter un
laser QW DFB de référence et appliquons la méthode d’injection optique bloquée pour
l’extraction du facteur αH. Le laser QW présente également un écart près du seuil.
l’écart disparaît progressivement à mesure que le courant augmente comme le montre
la figure 6.8. Cela démontre également l’universalité de l’effet du bruit externe du
porteur sur les lasers, indépendamment de la méthode de mesure et du matériau de la
couche active.

• Conclusion

Dans cette section, l’effet des fluctuations externes des porteurs sur le bruit de
fréquence et le facteur αH des lasers à points quantiques (QD) est examiné de manière
exhaustive.

Tout d’abord, les raisons causant différentes fluctuations externes des porteurs ont
été analysées théoriquement. Les spectres de bruit de différentes sources de courant ont
été mesurés pour visualiser les différences dans les fluctuations externes des porteurs.

L’effet des fluctuations externes des porteurs sur le facteur αH d’un laser QD DFB
a été étudié. Avec la pompe silencieuse, le facteur αH est trouvé être beaucoup plus
petit autour du seuil par rapport aux conditions de pompage normal. Les modèles
numériques et les expériences confirment ensemble ce phénomène intéressant. De plus,
les simulations mettent également en évidence que l’utilisation de la pompe silencieuse
près du courant de seuil est bénéfique pour réduire le bruit de fréquence et par con-
séquent la largeur de raie optique, mais a moins d’impact à des courants élevés. Il
convient de souligner que le facteur αH du laser QW sous différentes pompes présente
également un comportement similaire à celui du laser QD. Dans l’ensemble, je pense
que ces résultats sont essentiels pour le développement d’oscillateurs ultra-faible bruit
pouvant produire de la lumière en dessous ou à proximité du niveau du bruit de pho-
ton.
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Résumé : Les circuits photoniques intégrés (PIC) uti-
lisant la technologie de la photonique sur silicium pré-
sentent un potentiel significatif dans les systèmes de
communication à haute vitesse, le calcul optique et
la technologie quantique. Les lasers à îlot quantiques
(QD), en particulier ceux qui sont cultivés épitaxia-
lement sur silicium, affichent des caractéristiques re-
marquables telles qu’une forte tolérance aux défauts,
un faible courant de seuil et une bonne stabilité ther-
mique. De ce fait, ils émergent progressivement comme
des sources laser prometteuses sur puce pour les PIC.
Cette thèse vise à explorer la dynamique non linéaire
et les propriétés d’état quantique des lasers QD, je-
tant ainsi les bases de diverses applications poten-
tielles. La première section de la thèse se penche sur
le rôle du facteur d’élargissement de la largeur de raie
(αH-facteur) dans les lasers QD. J’ai utilisé une tech-
nique de modulation de phase optique pour extraire
le αH-facteur des lasers QD au-dessus du seuil. Le pe-
tit αH-facteur des lasers QD a fortement amélioré la
tolérance au feedback optique. Cela facilite le déve-
loppement de transmissions optiques à haute vitesse
sur puce sans isolateur optique et augmente la densité
d’intégration. La deuxième section explore les carac-
téristiques dynamiques des lasers QD sous feedback
optoélectronique (OEF). Contrairement au feedback
optique, j’ai démontré que les lasers QD présentent
une sensibilité accrue à l’OEF, conduisant à diverses
dynamiques complexes. Cette sensibilité extrême est

cruciale pour l’avancement du calcul optique basé sur
le silicium sur puce et des applications des machines
d’Ising, un phénomène non observé dans les lasers à
puits quantiques (QW). Dans la troisième section, j’ai
analysé la dépendance du bruit de fréquence au bruit
porteur externe. La recherche a révélé qu’un pompage
silencieux est très avantageux pour minimiser le αH-
facteur, réduire le bruit de fréquence et, par consé-
quent, rétrécir la largeur de raie optique des lasers QD.
La dernière section met en évidence la génération de
lumière comprimée en amplitude directement à par-
tir d’un laser QD à semi-conducteurs entraîné par un
courant constant. Avec le pompage silencieux, j’ai at-
teint une large bande passante de compression de plu-
sieurs gigahertz à température ambiante avec un rap-
port de compression de 3,5 dB. L’insensibilité extrême
à la réflexion du générateur QD comprimé sous feed-
back optique, en contraste avec un laser de référence
utilisant la technologie QW standard, est également
démontrée avec un rapport de compression amélioré
à 5,1 dB. Trois mesures distinctes, incluant le spectre
radiofréquentiel sous le bruit de grenaille, les statis-
tiques photoniques sub-Poissonniennes et la fonction
de corrélation d’ordre deux à retard zéro, valident mes
conclusions. Cette recherche établit un cadre fonda-
mental pour des circuits quantiques photoniques in-
tégrés compacts et hautement efficaces, démontrant le
potentiel d’application immense des lasers QD dans les
domaines de la photonique classique et quantique.
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Abstract : Photonic integrated circuits (PICs) utilizing
silicon photonics technology show significant potential
in high-speed communication systems, optical compu-
ting, and quantum technology. Quantum dot (QD) la-
sers, particularly those epitaxially grown on silicon,
exhibit notable characteristics such as strong defect
tolerance, low threshold current, and good tempera-
ture stability. As a result, they are gradually emerging
as promising on-chip laser sources for PICs. This the-
sis aims to explore the nonlinear dynamics and quan-
tum state properties of QD lasers, laying the founda-
tion for various potential applications. The first sec-
tion of the thesis delves into the role of the linewidth
enhancement factor (αH-factor) in QD lasers. I em-
ployed an optical phase modulation technique to ex-
tract the above-threshold αH-factor of QD lasers. The
small αH-factor of QD lasers strongly improved optical
feedback tolerance. This facilitates the development of
high-speed optical transmission on chips without an
optical isolator and increases integration density. The
second section explores the dynamic characteristics of
QD lasers under optoelectronic feedback (OEF). Un-
like optical feedback, I demonstrated that QD lasers
exhibit enhanced sensitivity to OEF, leading to va-
rious complex dynamics. This extreme sensitivity is
crucial for the advancement of on-chip silicon-based

optical computing and Ising machine applications, a
phenomenon not observed in quantum well (QW) la-
sers. In the third section, I analyzed the dependency of
frequency noise on external carrier noise. The research
revealed that quiet pumping is highly advantageous for
minimizing the αH-factor, reducing frequency noise,
and consequently narrowing the optical linewidth of
QD lasers. The last section highlights the generation
of amplitude-squeezed light directly from a constant-
current-driven semiconductor QD laser. With the quiet
pump, I achieved a substantial gigahertz squeezing
bandwidth at room temperature with a squeezing ra-
tio of 3.5 dB. The extreme reflection insensitivity of
the squeezed QD generator under optical feedback, in
contrast to a reference laser using standard QW tech-
nology, is also demonstrated with a squeezing ratio fur-
ther improved to 5.1 dB. Three distinct measurements,
including the sub-shot-noise radiofrequency spectrum,
sub-Poissonian photon statistics, and second-order cor-
relation function at zero delay, validate my findings.
This research establishes a foundational framework for
compact and highly efficient photonic quantum inte-
grated circuits, showcasing the immense application
potential of QD lasers in both classical and quantum
photonics fields.
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